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The series of lines which make up a band in the spectrum of a diatomic 
molecule show, in certain cases, irregularities which are known as per- 
turbations.'. When these occur, some of the energy terms involved must 
deviate from @ regular term-formula of the ordinary type. Until recently 
no theoretical interpretation of these phenomena had been attempted, 
and the empirical data were few and scattered. However, accurate de- 
scriptions are now available of the quantitative relations in perturbations 
in several spectra. In an article describing some new bands of the violet 
CN system? one of the writers drew attention to two very remarkable 
perturbations, one in the initial state, b’S, with vibrational quantum 
number, x = 12, and the other in the final state, a2S, withn = 11. These 
bands. are well resolved and of simple structure, so that accurate values 
may be obtained for the displacements of the lines from their expected 
positions in both these perturbations. 

The obvious method of studying such cases is to derive a formula to 
fit the frequencies of the regular lines of the series, and then to plot the 
deviations of all observed lines from this formula. Such a curve has 
been given? for part of the perturbation in a*S. It has a form similar to 
a curve of anomalous dispersion in the region of the resonance frequency. 
Extending this work, we have now completed the investigation of the 
deviations in the P branches of the (11,11) and (12,12) violet CN bands. 
The results are shown in figure 1. Curve a (solid lines) includes all P 
lines of the (11,11) band, the ordinates representing displacements from 
the formula 


vy = 24,499.74 — 3.3262), — 0.03144? — 3.00 X 10-57? — 0.822 x 10-* J}. 


It: shows three points of maximum perturbation, at 7; = 13'/2; 251/2 and 
281/2. The quantum numbers j; refer to states in which the spin annular 
momentum is parallel to that of the nuclei (j; = m + ¢). The R branch 
shows an exactly similar set of perturbations, and by means of the com- 
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bination principle the assignment of quantum numbers given in curve a 
could be made certain up to 7, = 24'/2, Curve c refers to the P branch 
of the (12,12) band, where conditions are more complicated, due to the 
presence of a doubling in the rotational terms of both initial and final 
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states. Here it is not possible to distinguish which of the P branches is 
P, and which P, in the same way this is done for the (11,11) band, as 
explained below. In these representations, a single line may occupy 
more than one position, according to the value of j assigned to it, and in 
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cases where the combination principle could not be applied, the position 
was chosen that it lies on a smooth curve. However, in the region j; = 
17'/2 to 22'/2 of curve c no regularities could be detected, and hence in 
this part each line has been represented with all the j values for which it 
would lie on the figure. The formula used in drawing curve c was 


y = 25,289.61 — 3.2570), — 0.048347] — 3.04 X 10-57? — 0.890 x 10-* jf. 


It will be evident that in the absence of disturbing factors in the un- 
perturbed state these curves also represent deviations of the terms from 
a regular formula. Since there are known to be no irregularities in b?S, 
n = 11, curve a may be taken as representing term deviations, if the 
sign of Av is changed. 


TABLE I 
a*S 2pP 
VIBRATIONAL VIBRATIONAL TERMS 
wo[1 —2x(n+ 1/2) ] TERM wo[1 —2x(m+1/2) | *P s/s "Pi, 
2041 2,041 
2014 4,056 
1992 6,049 
1965 8,014 
1938 9,953 
1912 11,865 
1885 © 13,751 14,374 14,430 
1858 15,609 1715 16,089 16,145 
1831 17,440 1688 17,777 17,833 
1804 19,245 1661 19,438 19,494 
1777 21,023 11 1634 21,072 21,128 
1750 22,773 12 1607 22,679 22,735 
1723 24,497 13 1580 24,259 24,315 
1696 26,194 14 1553 25,812 25,868 
1670 27,864 15 1526 27,338 27,394 
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Curves of the same characteristic form as these apparently apply to a 
number of perturbations in other band systems. Thus, for example, in 
the N.+ bands, which also result from an electron transition 7S —> °S, 
a perturbation similar to the above has been found,’ although the shape 
of the curve of deviations was not discussed. Probably the first evidence 
that perturbations may have this form was obtained by Birge,‘ in a study 
of the (2,2) band of the violet CN system. A number of irregularities 
were detected, which undoubtedly are due to displacements of the above 
type in the initial levels, n = 2, of b?S. 

An unusual feature of the perturbations in the state a*S (curve a) is 
that they occur in the normal state of the molecule, whereas all perturba- 
tions hitherto known are connected with deviations of the terms of an 
excited state. It seemed, therefore, of interest to examine the situation 
in detail, to ascertain if possible the cause of this violation of the general 
rule. It then appeared that the 11th vibrational term is of greater energy 
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(referred to the n = 0 level of a*S) than the lower terms in another known 
excited state, *P. On plotting the energy levels, it was seen that the 
vibrational level » = 11 in a*S very nearly coincides with the level n = 4 
of the ?P state. Unfortunately the absolute values of the high-n terms 
of a*S could not be calculated with any great accuracy from the existing 
data, but a fair approximation was obtained by assuming Kratzer’s for- 
mula,® w, = 2055.64 — 27.50n to nm = 2 and the formula obtained from 
the “‘tail’’ bands,? w, = 2059.98 — 26.89 thereafter. The levels of the 
2P state were obtained from the data of Heurlinger® on the band heads 
of the red CN system which arise in the transition *=P —>a*S. The calcu- 
lated energy values (in cm.~') are collected in table 1. 

The proximity of the 4th vibrational term in the *P state to the per- 
turbed term in aS led us to an investigation of the structure of one of the 

TABLE 2 


(a) (B) 
AF 2” Ri(j) —Qu(7 + 1) 
je (VioLet CN) (Rep CN) 


1'/, 18.82 18.75 
21/s 25.89 
31/, ; 33.36 
41/, ; 40.65 
51/s 26 48.12 
61/2 ; 55.63 
71/, 63.01 
81/2 ; 70.22 
91/» 77.85 
10'/2 85.44 
111/2 92.85 
12!/, ; 99.97 
131/, 107.57 
141/, 114.92 
15'/s a 
161/. 129.59 


bands of the red system having n’ = 4, to see if a corresponding perturba- 
tion occurs in the rotational terms in *P having m = 4. The red system 
is being investigated by Roots and Mulliken, who kindly furnished a 
spectrogram of the (4,2) band. The band structure is of the somewhat 
complex type characteristic of a 7P —~» °S transition,’ but it was soon 
apparent, from the failure of the usual methods of identifying the series 
in a band, that a perturbation is present in the *P:/, —> ?S (low-frequency) 
sub-band. By means of the combination principle, using the term- 
differences in a*S, nm = 2, known from Heurlinger’s measurements of the 
violet bands,* it was first found that the branches, Qy and R,, are entirely 
regular. The agreement of the combination differences Ri(j7) — Q12(j + 1) 
= A.F,"(j) with those obtained from Heurlinger’s data are given in 
table 2, columns (A) and (B). 
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On the contrary, the Q, branch (and probably also the Pi. branch, :the 
lines of which were too faint for measurement) shows a perturbation, 
which was detected in the following way. If the o-type doubling into 
F, and Fz states be neglected, we could ordinarily predict the frequencies 
of the Q, lines by the relation Qyo(7) + AiFi"(7) = Q.(7). Upon calculation 
of these frequencies, it was found that no line was close to the predicted 
position for j between about 12'/, and 16'/2. However, there were-lines 
in this region which were not included in other branches of the band. | ‘The 
differences between the frequencies of these lines and the calculated fre- 
quencies of the Q, lines were then plotted against j, and the dotted curve 
of figure 1 b was obtained. In figure 1, the sign of A» is changed to make 

TABLE 3 


(a) (B) (c) (p) (e) 
ji, je Qw(oBs.) AiFi”(cauec.) Qi(carc.) Q:(oBs.) Av(OBS. — CALC.) 


1'/, 17,001.03 7.42 17,008.45 17,008.61 +0.16 
2'/. 16,997.61 11.13 17,008.74 17,008.96 +0.22 
31/2 16,993.61 14.84 17,008.45 17,008.61 +0.16 
4'/. 16,989.05 18.55 17,007.60 17,007.67 +0.07 
51/2. 16,983.90 22.26 17,006.16 17,006.05 —0.11 
61/2 16,977.84. 25.97 17,003.81 17,003.88 +0.07 
71/2 16,971.26 29.67 17,000.93 17,001.03 +0.10 
8'/. 16,964.17 33.38 16,997.55 16,997.61 +0.06 
9'/. 16,956.24 37.08 16,993.32 16,993.61 +0.29 

10'/. 16,948.11 40.78 16,988.89 16,989.05 +0. 16 

11'/. 16,939.11 44.48 16,983.59 16,983.90 +0.31 

12'/. 16,929.56 48.18 16,977.74 16,978.65 973.45 +0.91 

13'/2 16,919.53 51.88 16,971.41 16,974.60 969.60 +3.19 

14'/. 16,908.79 55.58 16,964.37 963 . 52 

‘15'/. 16,897.45 59.27 16,956.72 956. 24 

16'/2 16,885.75 62.96 16,948.71 948.11 

17'/2. 16,873.23 66.64 16,939.87 939. 46 

18'/. 16,860.25 70.33 16,930.58 930.16 

19'/. 16,846.75 74.01 16,920.76 920.35 


the term deviations comparable with those of curve a. The numerical 
values are given in table 3, columns (A), (B), (c) and (D). When these 
lines are assigned to the Q, branch every measured line of the band is 
accounted for. In the above computation, values of A,F;"(j) were ob- 
tained from the equation A,F,"(j,) = 2B"(j: + 1/2) + 4D"(j +. Y2),* 
with D” = —6.453 X 10-* and B” = 1.8554, as evaluated by least squares, 
using the values of A.F,” from Heurlinger’s data and eat those 
which are obviously not reliable. 

During the present investigation, an SEREOEN article by Kronig® 
appeared, in which the origin of perturbations is discussed from the stand- 
point of the wave mechanics. ‘The principal results of this treatment are 
the following: (1) Perturbations occur when two terms of equal 7 in two 
different electronic states have nearly the same energy. It will be -ob- 
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served that the two perturbations shown in figure 1 a and 5b, although 
not entirely symmetrical, occur at about the same value of j. (2) The quan- 
tum number corresponding to orbital angular momentum along the inter- 
nuclear axis, o,, must not differ by more than 0, +1 for the two states. °*S 
and ?P states fulfil this condition. (3) The electronic states involved must 
have the same multiplicity. (4) Both terms must be either ‘‘odd” or 
“even.” In this requirement we find the explanation of the fact that 
only the Q; (and presumably the Piz) branch is perturbed, while the other 
two branches are regular. The double character (F4, Fg) of the rota- 
tional terms in ?P states is well known, and it has recently been shown!® 
that for a given rotational level, the two components represent opposite 
symmetry characteristics, i.e., one is ““even,’’ the other ‘‘odd.”” Therefore 
the Qj. and R,; branches, which have F initial states, are not perturbed, 
even through Q,, which comes from an F, level, is markedly affected by 
near coincidence with a 7S term. The 2S terms are also double, but 
here the two components of a given level are either both ‘‘odd’’ or both 
“even.” This kind of doubling arises from the parallel (Fi) and anti- 
parallel (F.) orientation of the electron spin with respect to the nuclear 
angular momentum, and the theory further predicts that only F, terms 
in the *S state will be perturbed by a *P.,, term, and only F, terms by a 
2P3/, term, when the *P state is inverted as it probably is here. There- 
fore the *S terms which are not perturbed at 7 = 12/2 (Fig. 1, curve a) 
should be F2, and the designations of the lines by their appropriate sub- 
scripts are as given in the figure. 

It thus appears that Kronig’s theory is supported by our verification 
of several important predictions. Although his formulae cannot be ap- 
plied to a quantitative calculation of the perturbation curve in this case, 
they yield curves of the characteristic type shown in figure 1, as Kronig 
has shown (loc. cit., Fig. 1). It is notable, however, that in figure 1 a given 
value of j, is in several cases represented by two terms. ‘The cause of this 
splitting is obscure,’’ since presumably the only types of degeneracy in- 
herent in these terms would on removal yield a large number of components. 
The writers believe that all perturbations now known can be represented 
by such curves, and on this basis have undertaken a study of perturba- 
tions in several other band systems (SiN, CO, N.*+, BeO, HgH~~). In 
the Angstrém bands of CO, we have found several large perturbations of 
the above type, which were not recorded by Hulthén'! in his analysis. 
Plates have been made available through the kindness of Kemble, Mulliken 
and Crawford, which show the Zeeman effect of these bands under high 
dispersion, and it is planned to make a thorough study of the effect of a 
magnetic field on the perturbations. Several irregular Zeeman effects 
of lines of high 7 have already been noted by Crawford.’ These results 
will be given in a succeeding paper. 
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In conclusion, it might be mentioned that we have examined a case 
where perturbations might be expected to occur by Kronig’s theory, but 
do not. In NO, the ?S state lies very close to the upper ?P state, and a 
coincidence of terms having the same j might be anticipated. However, 
an accurate calculation, using the data of Guillery,!* and of Jenkins, 
Barton and Mulliken shows that this does not occur, at least for any 
terms which are involved in the emission of the 8 and 7 systems. 

We are indebted to Professor R. S. Mulliken for suggestions in connec- 
tion with this investigation. 

1 Bull. Nat. Res. Council, 57, p. 90 (1927). 
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% According to a somewhat different interpretation of perturbations suggested to the 
writers by Prof. E. C. Kemble, the two components are not only accounted for, but 
definitely required. ‘This will be discussed in our next article on this subject. 


ON THE RAMAN EFFECT IN GASES 
By E. L. Hiu* ann E. C. KEMBLE 


JEFFERSON PnySsICAL LABORATORY, HARVARD UNIVERSITY 


Communicated April 9, 1929 


Introduction—The general ‘‘quantum-mechanical’’ interpretation of 
the Raman effect as a dispersion phenomenon has been pointed out by 
various writers,! but, so far as the authors are aware, no detailed con- 
siderations of the actual patterns to be expected from diatomic molecules 
have as yet been published. Quite recently, however, some very interest- 
ing measurements have been made on HCl gas by R. W. Wood,’ and similar 
results have been obtained for liquid H, by McLennan and McLeod.’ 
The present communication is a report on a theoretical analysis of these 
effects for diatomic molecules which is being made by the authors. 

The experimental results obtained by Wood which are of importance 
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forthe theory of the present paper are as follows: With \ 4046 A and 
\ 4858 A from an Hg arc as the exciting wave-lengths, the Raman pattern 
in: HCl gas consists of two groups of line. One of these groups is composed 
of:a single line only, whose separation from \ 4046 is such that it occupies 
the position at which the “missing line’ of the first vibration-rotation 
band should fall. Wood’s photograph shows that this line is very sharp. 
The second group consists of about six lines close to \ 4358 on the long 
wave-length side. Wood states that these lines may be due to interference 
effects caused by the glass walls of his tube, but he finds that their separa- 
tions from \ 4358 are such that they can be correlated with alternate lines 
in the pure rotation spectrum of HCl. In a later section of this paper we 
shall show that the presence of these lines is to be expected theoretically, 
so that we may, for the present, assume that they are genuine. 

The results of McLennan and McLeod in liquid Hz show a striking simi- 
larity to those of Wood in HCl gas described above. Using the same ex- 
citing wave-lengths, they found three Raman lines whose separations from 
the exciting lines were 354, 588 and 4149 cm.~', respectively. The first 
two of these values were found to correspond to jumps of two units in the 
rotational quantum number for the pure rotation spectrum, while the 
third was found to be associated with the transition from the normal 
state to the first vibrational level of the H2 molecule. 

The interpretation of these experimental results can be given by the 
assumption of new selection rules for the rotational quantum number, j, 
in the Raman effect, as has been indicated by Wood and by McLennan 
and McLeod in their papers. In the ordinary infra-red vibration-rotation 
spectrum, where the Q branch is absent, the selection rule is, of course, 
Aj = +1. However, in order to account for the appearance of Raman 
lines corresponding to the ‘‘missing line” in the vibration-rotation band, 
and to account for the absence of alternate lines in the pure rotation spec- 
trum, it would seem that here we should change the rule to Aj = 0, =2, 
these transitions giving rise to a Q, a ‘‘double R-form,” and a ‘‘double 
P-form”’ branch, respectively. One of the main purposes of the present 
paper is to show that this rule, under suitable restrictions, can be derived 
from the new quantum mechanics. 

Dispersion Formula.—As we are primarily interested in diatomic mole-- 
cules; we can specify the system by the usual set of quantum numbers - 
€, tj, n, j, m; where ¢ represents the totality of electronic quantum num- 
bers (exclusive of 7;), 7; measures the component of electronic orbital” 
angular momentum along the nuclear axis and is 0 in 2 states, 1 in I states, : 
etc.; ‘and finally, m, 7 and m are, respectively, the vibrational, rotational : 
arid magnetic quantum numbers. For the present we shall not concern 
ourselves with refinements due to the introduction of the spin electron. 

In the experiments the light used for excitation is in the visible region, 
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so that we can neglect the variation in intensity of the electric force in 
the beam over molecular dimensions. For simplicity we shall consider 
only the case of plane polarized light, the direction of whose electric vector 
furnishes the axis (which we shall call z) for the space quantization of the 
molecule. ‘The perturbing potential is then H, cos 2rmt = —aZ cos 2rvf, 
where a is the maximum value of the electric field in the light beam, and 
vo is the frequency of the light. We shall use X, Y, Z for the components 
of the electrical moment in the three codrdinate directions for the unper- 
turbed state, and shall use P to designate any one of them. ‘The general 
formula for the matrix elements of the perturbed electrical moment 
associated with Raman lines can be obtained by either the matrix‘ or wave® 
methods, the final result being 


(R) ry! “— a Z(r"r) P(t’) 
a 2 z; Ec — E(r) — hy 


: P(r"r))Z(rr’) 
E(r’) — E(r) + ho 





oa 





fo Qri(vo — vy)t 


where the superscript “ indicates a matrix element associated with a 


Raman line. ‘The frequency of the particular Raman line associated with 
the quantum jump 7” —> 7’ is vo — vy’, where hvy’ = E(r’) — E(r”). The 
symbols, 7, 7’, 7’, are used simply to avoid writing out explicitly the com- 
plete set of quantum numbers e, 7, etc. The summation is thus to be 
extended over all of the allowed quantum states of the molecule, and in the 
event that a continuous spectrum is present, the summation is to be ex- 
tended over this region also, in the form of an integral. 

The intensity of the Raman line of frequency vy = vp — v’y is propor- 
tional to the number of molecules per unit volume in the initial state r” 
multiplied by the quantity »*{|X”(r"r’)|? + | VY (r"r’)|? + |Z (r"r’)|2}, 
while the transition probability for spontaneous jumps from the state 
r” to the state r’ is proportional to (»’y)*{|X(r"r’)|?_ + |¥(r"r’)|? + 
|Z(r"r")|2}. Thus our formula shows that the intensity of the Raman 
line r” — 7’ is to be computed from the matrix components which fix the 
transition probabilities from the initial and final levels to all other possible 
levels. Such atypical term in the formula is shown in figure 1. As these 
experiments are not performed in a magnetic field, the intensity expression 
given above must be summed over the various unresolved Zeeman com- 
ponents, i.e., over all possible values of the magnetic quantum numbers, 
m" and m’. 

There is a second important feature of this formula which must not be 
overlooked. Because of the appearance of small denominators, the terms 
which contribute most to the summation are those associated with transi- 
tions to high electronic levels for which E(r) — E(r") and E(r) — E(r') 
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are of the same order of magnitude as hyo. This feature of the theory in 
its present form shows that we cannot hope to predict intensities in the 
Raman spectrum from considerations of the properties of the lowest 
molecular states alone. This fact is also closely allied with the question 
of new selection principles for Raman lines, as there may be states + by 
which we can pass between two states 7” and r’ even when the direct 
transition is forbidden. 

We have still to take account of the statistical distribution of the mole- 
cules in the various energy states. If it were not for this, one might 
expect to find Raman lines corresponding to all sorts of transitions between 
allowed quantum states. As most of the molecules are in the lowest 
energy states under the conditions of the experiments, one would expect 
as a rule to get only lines corresponding to absorption from the normal 
electronic and vibrational state. However, observations of lines associated 
with such inter-combination jumps have 
recently been reported in the literature.® 

Selection Principle for 7.—The selec- 
tion principle for 7 can be derived’ from 
the symmetry properties of the wave 
function for the diatomic molecule, using 
the approximate solution developed by 
Kronig.* Unlike the usual case, we are 
not concerned so much with the direct 
transition from the initial to the final 
level, but must consider also the rota- 
tional levels of higher electronic states. 
For most diatomic molecules the lowest 
electronic level is a = state, i.e., 7; = 0. Because of the selection rule, Az; = 
0, +1, we need consider only upper electronic states for which 7, = 0, +1. 
For simplicity let us take first the case in which the upper level is also of 
the 2 type. Referring to figure 1, we find® that the only matrix elements 
of X, Y or Z, for either transition 7” —> 1, r —> 17’, are those for which 
Aj = +1. ‘Thus for the transition 7’ —> r’ we can have at most Aj = 0, 
+2. That this is also the case in which the upper level is of the II type 
can be shown to be an easy consequence of the combination rules between 
the so-called ‘‘odd’’ and “‘even”’ states.* In the event that the normal 
level is not of the = type (e.g., is a II state), the situation is more compli- 
cated, and transitions can occur for which Aj = +1, as wellas Aj = 0, +2. 
These conclusions are valid for molecules with equal as well as for those 
with unequal nuclei, as the symmetry properties of the wave function 
with respect to the order of odd and even terms (Kronig, loc. cit.) are 
not vitally affected by the additional symmetry property with respect to 
interchange of the nuclei in case these are equal. 





4 


t’ 
FIGURE 1 
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For molecules whose normal state is of the = type, the selection rule, 
Aj = 0, +2, leads to an interesting conclusion which may be amenable 
to experimental check. The rotational energy of the molecule is Bj(j + 1) 
where we may regard B as constant, the lowest value of j being j = 0. 
One can then easily convince himself that in the Raman pattern associated 
with the pure rotation spectrum the lines, as found by Wood in HCl, for 
example, should actually correspond to the third, fifth, lines of the 
usual R (and P) branches, there being no Raman line at the position of 
the first line in the usual branches. ‘The same should be true for vibration- 
rotation jumps in cases where the double-R form and double-P form 
branches can be observed. 

Intensities and Polarizations.—The remaining section of this paper will 
be devoted to a more or less qualitative discussion of relative intensities 
and states of polarization of Raman lines from diatomic molecules. For 
simplicity we shall consider only molecules whose normal state is of the 
>.type. To get large intensity for a transition r” —> 7’, it is necessary 
that |P“(r"7’)| shall be numerically large, and this requires that the 
individual terms such as Z(r”r)P(rr’) in the dispersion formula shall 
be numerically large, and that terms for different upper states 7 shall not 
vary in sign in such a manner that they tend to cancel each other. We 
can study the polarization by considering the relative magnitudes of 
[Z(r"r')| and |X (r"r’)| (= |Y®(r"r’))). 

On this basis let us consider first the pure rotation Raman spectrum. 
Experimentally only the double P-form and double R-form branches are 
observable, so that we need consider only lines for which Aj = +2; the 
states r” and 7’ then differing only in their value of 7. In this case 
Z(r"r)Z(rr’) has the same sign for all states 7, so that there is no ten- 
dency for cancellation, and we get appreciable contributions from all 
upper states which combine freely with the normal state. The same is 
true of the expressions Z(r"r)X(rr’) and Z(r"r)Y(rr’). We might, 
then, expect these lines to be relatively intense, but should not expect 
them to show much, if any, polarization. 

For Raman lines corresponding to vibration-rotation bands we must 
consider transitions for which Aj = 0, as well as Aj = +2. For Q branch 
lines (Aj = 0), there are at least two rotational levels (for any given upper 
electronic and vibrational level) from which contributions can come, 
ie., 7 —>j +1—>j, andj —>j — 1—~>j. The actual matrix elements? 
then show that the distribution of signs is such that these contributions are 
additive for Z)(r"r’) but that they tend to cancel for X“)(r"r’) and 
Y) ("7"). Incase the upper state is a II state, the transition j —> j —>j 
also gives a contribution, but in this case also the effect is to intensify 
the importance of Z (®)(-"7'). Hence, one would expect the Q branch lines 
to be quite strongly polarized, and in fact a rough calculation indicates 
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that |Z (r"r’)|? ~ 8 |X®(r"r’)|?. For the double R-form and double 
P-form branches, however, this is not the case, and as found above for 
the pure rotation lines, |Z (r"r’)| ~ |X (r"r’)|, so that there should not 
be much polarization. 

The Q branch should, of course, appear much more intense than the 
double R-form and double P-form branches; first, because all lines of the 
former are superimposed, and second, in Z (R)(, "7')| for instance, the 
transitions j —> j + 1—>j,j —>j —j,j —j — 1—~> 7 all give 
contributions to Q branch lines, while 7 —> j + 1—>j + 2 is the only 
transition possible for which 4j = +2, and similarly for Aj = —2 we 
can only have the one term 7 —> 7 — 1—»j — 2. For these reasons the 
absence of the double R-form and double P-form branches in Wood’s 
photograph of the Raman line for the fundamental vibration-rotation band 
is not surprising. 

In a similar manner we may investigate the behavior of the terms in 
the dispersion formula which would give large differences in the vibrational 
quantum number » for the states r” and 7’. We find that large changes 
in ” are very improbable, partly due to the fact that when Z(r”r) is large 
P(rr’) is small, and partly to the fact that the sign of the product 
Z(r"r)P(rr’) will usually vary from one state 7 to another in such a way 
as to produce cancellation when the expression is summed over all upper 
states. Thus, in agreement with the experiments, one would expect to 
find only Raman lines corresponding to small changes in the vibrational 
quantum number. 

The authors wish to express their thanks to Professor R. W. Wood for 
informing them of his results in advance of publication. 
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ABOUT THE PRODUCTION OF THE CONTINUOUS X-RAY 
SPECTRUM 


By A. SOMMERFELD 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 


~ Communicated March 18, 1929 


Twenty years ago, I gave an account! of the angular intensity distribu- 
tion of the general x-radiation, ‘‘Brems-Strahlung,” of an anticathode, 
on classical basis, with the result that the maximum intensity should be 
shifted from the position @ = 7/2 to smaller angles, 9 being counted 
from the direction of propagation of the cathode ray to that of the x-ray 
observed. The assumption was made that the stopping process of the 
incident cathode particles can be considered as rectilinear and coinci- 
dent with the direction of the impinging beam. During the stopping 
process, all velocities had to be considered between the initial velocity 1, 
and the final velocity v2 = 0, and the radiations corresponding to these 
different velocities had to be summed up. Because, according to the 
classical theory, or what is the same, according to the special relativity 
theory, electromagnetic field and radiation intensity in any state (v,v) of 
the stopping process are given by:. 

Enwn-2& sin 0 - hie ery? sin 0 Se 
c’r (1 — B cos 6) 4nc*r? (1 — B cos @)® 








the resultant radiation during the whole process of stopping (v = const., 
v decreasing from v to 0) would be? 


Se o2 
Jo 1h (2) 


~ 16xc?r? cos 6 (1 — B cos 6)* 


The shift of the maximum according to (2) of course is smaller than the 
shift according to (1), if 6 = v/c corresponds in both cases to the initial 
velocity v. Also, the polarization first observed by Barkla of the general 
x-radiation is accounted for by the hypothesis of the rectilinear stopping. 

At that time, only observations with solid anticathodes were available, 
the results of which seemed to agree in a general way with our formula (2). 
The observed polarization could be, of course, not complete, because of the 
multiple scattering and bending in the anticathode material. But, now- 
adays, by the work of Duane* on mercury vapor, by Webster* and Kulen- 
kampff* on very thin foils (thickness, e.g., 0.54), we are informed about 
the stopping process in the single atom. We will show in this note that 
especially with the observations of Kulenkampff formulas (1) hold if the 
velocity ratio 8 occurring’ in (1) is interpreted in a convenient way; we 
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will point, also, to the method, by which the total problem of production 
of general x-radiation is to be treated in wave mechanics. +44 

1. General Assumptions—In the older quantum-theory, one would 
start with an hyperbolic orbit of the incident cathode electron and would 
consider the transition to another hyperbolic orbit of smaller energy, the 
difference of energies being radiated as an x-ray wave. But this view 
does not correspond to the spirit of wave mechanics. One must treat 
the incident cathode beam as an electronic wave, modified by scattering 
on the nucleus of the atom, and one must treat as well, the emergent electron 
as an electronic wave of smaller energy, modified also by scattering on the 
nucleus. Both waves are present in the whole space, the incident wave as 
well behind the nucleus as before, the emergent as well before the nucleus 
as behind. Multiplying both one has to compute the combined electric 
density p = viv, of the initial and the final state (y" meaning the conjugate 
complex to y¥) and one has to compute the combined electric moment 
M of the transition, which is responsible for the energy emitted. This 
treatment is exactly equivalent to the usual treatment of the line spectra 
where one computes, e.g., M,, by the “‘matrix-element”’ 


Wy, = S xbiedr, (3) 


the initial eigenfunction y¥,, and the final y¥2, being defined for all space 
and time and working together in the determination of M according to (3). 

In our case, we deal with asymptotically plane waves and may put, 
following a paper by Temple’ on the scattering of a particles, 


V1 ge e**T (um), bo ee e'**1 (us), 


Qr 2r 2Qr 2a 
ky — = — md, ke = — = — mir, 


| m oh » oh 5) 
t 


U, = tkyn, Ue = tken, 


n meaning the parabolic coérdinate, which is symmetrical around the 
axis of incidence (x-axis), v; and v2 meaning the initial and final velocity 
of the cathode particle; L(u) is a certain solution of the differential equa- 
tion of Laguerre (not a Laguerre’s Polynomial, but a transcendental func- 
tion, so to speak, a polynomial of an imaginary degree). ‘The frequency v 
of the radiation emitted is determined by the time factor of Vivs which 
gives according to de Broglie’s fundamental assumption: 
€. — € mv: — vy h 


2 2 2 
= = — = (ki one k? ¢ 
‘ h oe Sat 2) (6) 





As to the origin of the formula (4), we may mention that “‘scattering,’” 
or, what is the same, “diffraction” of an electron by a nucleus is a one- 
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electron problem. So, we understand that we need for this problem the 
eigenfunctions of the hydrogen atom, the above-used function L(x) 
being, indeed, the eigenfunction of hydrogen in parabolic coérdinates 
characteristic for the continuous hydrogen spectrum. If we had to treat, 
on the other hand, the diffraction of an electronic wave by an hydrogen 
atom, we would need the eigenfunctions of the helium atom, because we 
deal in this case, with a two-electron problem, though of course the “‘helium’’ 
atom would have the nuclear charge one instead of two; and so forth. 
While those problems could be handled until now only in an approximate 
way, by the method of perturbations, it can be shown that an exact and 
complete solution can be written down valid for any atom, the difficulty 
consisting only in the imperfect knowledge of those eigenfunctions. For 
the production of x-rays, it is evident that we need not consider com- 
plicated atomic structures, but may restrict ourselves to the consideration 
of the bare nucleus. 

We are not concerned here with the detailed computation of the moment 
M; but will draw only some general conclusions from the form of the 
expression (3). In the first place, M has only the one component M,, 
M, and M, being equal to zero because of the symmetry’ of the incident 
and the emergent beam with respect to the axis of x. This statement is 
equivalent to our old assumption as to the rectilinear way of stopping and 
provides complete polarization, the plane of polarization being given by 
the incident cathode beam and the emitted x-ray. We mention that 
Ross* observed complete polarization with a thick anticathode for the short 
wave-length limit, and that we have to expect from our present (or former) 
theory the same result with a sufficiently thin anticathode for any part 
of the continuous spectrum.’ 

In the second place, we remark that our density distribution Vive is 
not, as in the optical case, restrained to a portion of the space small com- 
pared with the wave-length of radiation, but this distribution is in our 
present case extending over the whole space. So we have to refine the 
expression (3) by a ‘‘retardation factor’ and have, also, to compute it not 
for a single frequency v (cf. Eq. 6), but for an element (v,Av) of the 
continuous spectrum. But for what follows the general form of the expres- 
sion (3) is sufficient without any detailed knowledge of its numerical value. 

We now come to the main point, viz., the angular distribution of the 
radiation emitted by the oscillating electric moment (3). In the optical 
case, we deal with the radiation from an atom at rest, so that we are justified 
in putting 8 = 0 in (1). We have to replace in (1), of course, meantime, 


evby the general expression M. In this way, we get from (1) the well- 
known radiation law of a dipole. 


J = C sin? 6 (7) 
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C not depending on @. But this would be wrong in our case of x-ray 
production. The radiation is emitted really by a moving charge distribu- 
tion, the initial velocity being v, the final v2. It is obvious to take as the 
mean velocity of motion during the emission process 

oe ee ino anh ee ote Vi + VV: 


2 Cc mc? 2 


(8) 


V; meaning the voltage of the incident cathode beam, V2 the voltage of that 
particular range of the continuous spectrum to be considered. Doing so, 
we get from (1) instead of (7) 


sin? 6 (9) 


J= ‘ 
(1 — B cos 6)§ 
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We see, at once, from this expression, as mentioned already in connection 
with equation (2), that the shift of the maximum intensity toward small 
angles @ will now be /Jarger than in our former theory. We see, moreover, 
that the shift will be larger for the longer wave-lengths of the continuous spec- 
trum than for the short wave-length limit. ‘This conclusion seems at the 
first view somewhat paradoxical, but it is checked, as we will see, by 
Kulenkampff’s experiments. 

If we consider that the denominator in (1) comes from the relativity 
transformation, say the motion of the radiating source relative to the 
observer, the interpretation of 6 given in (8) seems to be quite sensible. 
From this point of view, it would be meaningless to take, e.g., v1. — v2 
instead of the mean velocity ((v: + v2)/2); indeed, this assumption would 
be in contradiction with the experiments. We saw in (6), that v7 — 23 
determines the wave-length of the radiation, but v; — v2 does not at all 
determine the geometrical relation between the source and the observer, 
which is responsible for the intensity distribution. 
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Working with the corpuscular notion of v, and v in our treatment of 
electronic waves, it is perhaps not out of place to point to the well-known 
fact that v, and v2 mean, in wave mechanics, the group velocities for the 
incident and for the emergent wave. 

It is true that our treatment of the emitted intensity is not a genuine 
wave mechanical one. But the same happens at the present state of the 
theory with any intensity calculation. I do not think that it is in the 
present case less approximate than in the optical case. 

2. Comparison with Experiments.—From (9), we get immediately for 
the position of Jinax: 

2 sin 6 


0 = (1 — B cos 6)? (cos 6— B cos? @ — 3B sin? 6), (10) 


so we have the quadric: 
2Bx? +x = 3B, x = COS a 


the solution of which is 


v= ZLyi + dap — at aot 


For 6 = 0, we get x = 0, Omax = 2/2, as is known from the classical 
oscillator at rest, equation (7); for 8 = 1, we get x = 1, Omar = 0, which 
means “needle radiation.’’ Figure 1 shows x as function of 6. The 
points X and O are observed values of 0,,,, under conditions which will 
be explained immediately. 

Kulenkampff gives three distribution curves of intensity corresponding 
to the same initial voltage, V; = 31.0 kv., but to different wave-lengths 
of the continuous spectrum, viz.: 


d = 0.43;, d = 0.53, » = 0.73 A, 


the short wave-length limit being 
Am = 0.39 
We may rewrite equation (6), dividing it by ymax = C/Nm and noticing 
that V, = Ofor \ = X,,: 
Ree eee wi Ue 


= ——— = 1 
Vi 


This gives 
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So we have for the three values of \ mentioned above: 

V, = 3.2, 8.2, 14.4 kv. (12) 
From (8) now, we get 


8 = 0.230, 0.263, 0.292, 


and from (11) 


x | BE 0.640 \ 
é calc. 


Onax- 


50.2° 


r; 0.67 : 
| de 2 48° \ obs. 





x 


Omax 


The agreement between the calculated and observed values is very satis- 
factory. The observed values of x are marked by X in figure 1. 

Kulenkampff gives another set of observations corresponding to different 
initial voltages, viz.: 


V, = 378, 31.0, 24.0 16.4 kv. (13) 


The distribution curves for all these voltages are “taken for the short 
wave-length limit.”” But we may remark that in the first of the former 
cases (12), the observation has been made “‘as closely as possible to the 
short wave-length limit.” Therefore, we may be justified in admitting 
that also in the present cases, the limit could not exactly be reached and 
we may take the same voltage 
Vs = 3.2 (14) 

as in the former case, for the final energy of the emergent electron. Then 


we get from (8) with the values (13) and (14), 


B = 0.248, 0.230, 0.209, 0.182, 
and from (11) 


% 0.578 0.550 0.515 0.467 aie 
-_ 54.7° 56.6° 59.0° 62.2° : 
% 


0.643 0.574 0.500 0.422 
° ° ° ° obs. 10 
Ones: 50 55 60 65 





Also, here the agreement with the observed values is satisfactory, the 
shift to smaller @ no increasing with decreasing wave-lengths (increasing 
initial voltages) in opposition to the former case where the shift was 
increasing with increasing wave-lengths (increasing final voltages). The 
observed values of x are marked in figure 1 by O. 

We shall not enter here in the discussion of the shape of the distribution 
curves as indicated by the experiments of Kulenkampff on the one side, 
and by the theory on the other side, because we would need for that 
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purpose a more detailed computation of our moment M. I must leave 
that for a fuller paper to be published later in the Annalen der Physik. 

In conclusion, I think that the old problem of the stoppage of cathode 
particles, attacked by Stokes, J. J. Thomson and Wiechert immediately 
after Roentgen’s discovery, can now be solved by the mathematical methods 
of wave mechanics in a satisfactory way, as is shown by the foregoing dis- 
cussion of the few experimental data available for the shift of the intensity 
maximum in the continuous x-ray spectrum. 

Addendum.*—In the above, I have treated from the standpoint of wave 
mechanics, the continuous spectrum of x-rays produced in a thin target. 
The incident cathode ray was regarded as a plane de Broglie wave and the 
emergent beam was treated also as a plane wave of de Broglie type, having 
the same direction as the primary beam. Meanwhile I learned from the 
experimental results of Professor W. Duane, which he presented at the 
present meeting of The American Physical Society, that my previous as- 
sumption as to the direction of the emergent beam is too specialized. 
While this assumption would provide complete polarization for any part 
of the continuous spectrum, Duane observes, in general, incomplete polari- 
zation. While, furthermore, my assumption excludes radiation in the 
direction of the incident beam, there is evidence, according to Duane, of 
some radiation even in this direction. 

I propose, therefore, to generalize my previous assumption so as to admit 
secondary beams to emerge from the scattering atom in all directions. This 
amounts to an averaging of the matrix elements defined in my former note 
over all possible directions. According to this new assumption, only beams 
emerging with zero velocity should give rise to completely polarized radia- 
tion, i.e., only radiation corresponding to the short wave-length limit will 
be completely polarized. ‘This is in agreement with experiments of P. A. 
Ross. Furthermore, only radiation near this limit would give zero in- 
tensity in the direction of the incident beam; other parts of the continuous 
spectrum will, of course, furnish intensity in this direction because of the 
emergent beams forming an angle with the incident wave. This difference 
in the radiation from the limit and from other parts of the spectrum was 
already mentioned by Kulenkampff. 

The main point of my previous note, viz., the account for the angular 
distribution of x-rays observed by Kulenkampff, is certainly not essentially 
influenced by this modified viewpoint. 

I am indebted to Professor E. C. Kemble for having suggested to me this 
generalization, and also to Professor Kennard for having emphasized the 
analogy of this procedure with the usual treatment in the case of line spec- 
tra. Indeed, when calculating intensities of line spectra, we have to sum 
over all the different orientations of the atom characterized by the mag- 
netic quantum number m, giving one weight to each of the magnetic levels. 
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Corresponding to this is in our case the averaging over all possible directions 
of the emerging beam, assuring equal weight for all of them. 

* Read before the Academy, April 22, 1929. 

1 Sommerfeld, A., Physikal. Zeitschr. 10, 969, 1909. 

2 Tilustrated in Atombau and Spektrallinien, 4th Edition, Fig. II, p. 37 and p. 755. 

3 Duane, W., these PROCEEDINGS, 13, 662, 1927; 14, 450, 1928. 

4 Webster, D. L., Clark, A., Yeatman, R. M., and Hansen, W. W., these PROCEEDINGS, 
14, 679, 1928. 

5 Kulenkampff, H., Ann. Phys., 87, 597, 1928. 

6 Temple, G., Proc. Roy. Soc., 121, 673, 1928. 

7 However, the symmetry is disturbed by the retardation to be introduced for the 
emitted radiation as remarked below. As a consequence of this retardation the polari- 
zation would be complete only for an angle of observation perpendicular to the incident 
cathode beam, but in this case for every part of the continuous spectrum, so far as our 
assumption about the direction of the emergent cathode beam is justified. (Note added 
in proof.) 

8 Ross, G. A., J. Opt. Soc. America, 16, 375, June, 1928. 

® Cf. Fig. 9 in Kulenkampff’s paper, loc. cit. 

1 Cf. Fig. 11, Ibid. 


THE RELATION BETWEEN THE ELECTRIC MOMENT AND 
THE POTENTIAL DIFFERENCE AT AN INTERFACE 


By A. FRUMKIN AND JOHN WARREN WILLIAMS 
LABORATORY OF PHysICAL CHEMISTRY, UNIVERSITY OF WISCONSIN 


Communicated March 22, 1929 


The relation between the electrical properties of interfaces and the 
orientation of molecules was first recognized by Hardy! and discussed by 
Harkins, Davies and Clark. It was stated in a definite way for the 
case of the water-mercury interface by Gouy® in 1917. One of us‘ has 
studied these potential differences at interfaces in their relation to the 
polarity and orientation of different linkages in the molecule. Quantita- 
tive calculations of the electric moment of the molecules from the potential 
difference data have been made by Guyot and later by Rideal.6 At an 
earlier date quantitative comparisons were made by Frumkin.’ Rideal 
calculates the electric moment of the butyric acid molecule to be 


uw = 0.305 X 107", 


assuming the orientation to be complete and the dielectric constant of the 
surface layer to be unity, and compares it with the value calculated by 
Smyth® using the Gans theory 


p = ca 2.0 xX 10-*. 
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In Rideal’s book the following statements are to be found: ‘““The agree- 
ment is satisfactory when the somewhat empyric nature of the method 
of Gans and Smyth is considered. If the moment be considered as due 
to a unit charge separated from another by a distance 5, then u» = e(5/K) 
where K is the dielectric constant. Since e = 4.77 X 10-!° e.s.u. we ob- 
tain with unit dielectric constant (K = 1) a value of 6 X 107 cm. 
for 5, a value in close agreement with that determined by Gouy, etc.”’ 

In recent years the Debye® modification of the Clausius-Mosotti relation 
has made it possible to determine the electric moment of a molecule either 
from the temperature coefficient of the dielectric constant of the vapor of 
the molecules in question or from dielectric constant and density data for 
a binary liquid mixture composed of a non-polar solvent and the molecule 
in question as solute. Both the theoretical and experimental sides of this 
particular method have been subjected to a most careful scrutiny, and 
there can no longer be any question as to its validity. In this connection 
the reader is referred to the theoretical papers of Van Vleck! and to the 
experimental studies of Smyth" and one of us’? for the results of American 
workers in this field. That the Gans theory is theoretically unsound is 
no longer doubted. Therefore, electric moments calculated by its use will 
be somewhat in error; however, their order of magnitude is usually correct. 
There can be no doubt, for example, that the moment for the butyric acid 
molecule, » = 0.305 X 107!8, is in error by a factor of five or six. In fact, 
it seems that any moment calculated in the manner outlined by Guyot 
and Rideal will be too small by a factor of this order of magnitude. (See 
reference No. 7.) One of the chief difficulties lies, without doubt, in the 
assumption of unit dielectric constant for the oriented molecule at the 
interface. 

In order to account for the reason, or reasons, why the electric moment 
of a molecule cannot at present be calculated from potential difference data 
at interfaces there seem to be four possibilities, as follows: 

1. Incomplete orientation of the molecules at the interface. 

2. A disturbing influence of the neighboring water molecules or ions. 

3. Differential nature of the measurements of potential difference. To 
determine the values of the electric moment one must know the single 
potential difference, but experiment gives only a differential effect, related 
to a layer of pure water molecules or some other arbitrary zero point. 

4. The polarization of the oriented molecules by the neighboring 
molecules, assuming the orientation to be always complete. 

There appear to be certain objections to most of these possibilities. 

1. To the first possibility the objection may be raised that the members of 
a homologous series produce practically the same potential difference at 
the interface regardless of the number of carbon atoms in the chain,” 
while from our knowledge of the properties of surface films it should be 
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concluded that as the length of the chain increases the orientation be- 
comes more complete. 

2. The results of experiments which have been extended over the 
whole range of concentration from dilute solutions in water to a practically 
pure organic solvent® show that the water molecules have no marked 
influence on the measured potential differences. It can be shown from 
measurements carried out at different ionic concentrations that the pres- 
ence of ions also has very little effect.*”® 

3. The method used by Bradley'* to attack the problem depends. 
essentially upon the use of the third possibility. He assumes that, since 
the electric moments of the water and alcohol molecules are practically 
the same, both substances would give the same value of the potential dif- 
ference if it were not for the different cross-sectional areas of the molecules. 
However, it seems doubtful whether the water and alcohol molecules are 
oriented in the same way. At any rate, this explanation could not be 
applied to other cases. The change of potential difference when chlor- 
acetic acid is substituted in the interface for acetic acid can depend only 
on the value of the electric moment of the C—Cl linkage. In this way a 
value of » = 0.54 X 107'* is found which is certainly too small. 

4. If the oriented molecules are polarized by the presence of the 
neighboring molecules, that is, a polarization exactly analogous to the 
polarization due to the deformation of a molecule in the Debye theory,*'” 
a dielectric constant of the order of magnitude of three or four instead of 
unity might be accounted for. This would account for the larger part of 
the discrepancy which, as has already been noted, is probably of the order 
of magnitude of five or six. It is essential to note also that the order of 
magnitude of the value of the electric moment per molecule of a simple 
aliphatic compound calculated from potential-difference data does not 
change with the concentration of the organic molecule in the surface layer. 
This can be explained if we remember that the deformation part of the 
dielectric constant of the organic molecule is probably of the same order of 
magnitude as that of water. It will certainly be difficult to make any 
exact statements concerning the dielectric constant of the surface layer. 

It should be possible to eliminate either possibilities 1 and 2 or possi- 
bility 4 by means of a study of the variation of the potential difference at 
the interface with temperature. If the fourth possibility is the correct 
explanation of the discrepancy between the results of Guyot and Rideal 
and those based on the dipole theory of Debye, the potential difference at 
the interface calculated for equal amounts adsorbed should be practically 
independent of temperature. In the case of either of the first two possi- 
bilities the potential difference would be strongly dependent upon tempera- 
ture. 

However, although this striking difference in the order of magnitude of. 
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the electric moment exists, there are a number of marked parallelisms be- 
tween the results of the study of the potential difference at interfaces‘ 
and the results of electric-moment studies from suitable solutions.’ In 
the first place, the order of magnitude of the electrical effects for the alco- 
hols and ketones, characterized by the words medium and rather large, 
respectively, is relatively the same as the dipole effect for the same types 
of compounds.'* ‘The somewhat greater relative electrical effects in the 
case of ethers and esters may be accounted for by the assumption of a more 
complete bending of the groups, thus increasing the degree of orientation. 
The latter structures have been pictured both from the standpoint of the 
electrical effects’ and from the standpoint of dipole-moment data.!” 
The influence of the change when bromine is substituted for chlorine, or 
iodine is substituted for bromine, is, in every case investigated to date, 
comparable in both cases. The case of acids cannot as yet be discussed 
because of the insufficiency of electric-moment data for this type of 
compound. 

The results of the two types of study indicate that polar molecules may 
be considered to be made up of polar parts and non-polar parts. In the 
simpler molecules, which are composed of a single polar group, the length 
of the hydrocarbon chain appears to have little or no effect in both 
cases.!2!4 This is a conclusion of considerable importance in the study 
of the structure of molecules. 

Agreement is generally found when the conclusions concerning the sign 
of the charge on definite linkages is considered. The case of the carbon 
to oxygen linkage, discussed below, illustrates the type of agreement. 
From electric-moment data the conclusion is definite that in the case of 
the OH, COOH and CHO groups the carbon is charged positively and the 
oxygen negatively. This conclusion was drawn also from potential- 
difference data for compounds of the aliphatic type. In the case of mole- 
cules of the aromatic series such definite conclusions cannot be drawn, due 
apparently to some complication of the benzene nucleus. The following 
facts may be stated to illustrate this point.‘ 

A. Air-Water Interface. 

1. Phenol gives a small positive potential difference. 

2. Para cresol gives a large positive effect, while ortho cresol gives 
practically a zero effect. 

3. All dioxybenzenes give a negative effect, hydroquinone giving the 
greatest effect per molecule adsorbed. 

B. Mercury-Water Interface.’ 

1. The orientation at this interface is the same as at the air-water 
interface in the case of aliphatic compounds. 

2. The orientation at this interface is of such a kind that it causes a 
negative effect for all compounds of the phenol type. 
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Fact A-3 strongly suggests a configuration of the molecule of hydro- 
quinone or of its derivatives such that not only the benzene nucleus but 
also the CO linkages lie in a single plane. The negative effect would be 
accounted for by the attraction of the H atom of the OH group by the 
water. Such an orientation would make it possible to establish a close 
contact with the mercury interface which seems to explain the specific 
influence of the mercury surface which is observed in that case. This 
is of interest in connection with the results of dipole-moment data’ for 
these compounds in which this picture was given as one of two possibilities. 

Interfacial potential differences involving amines indicate that in the 
case of the linkage carbon to nitrogen the carbon is positively charged and 
the nitrogen negatively charged.“ Present electric-moment data are 
sufficient only to indicate that this conclusion will probably be the one 
which will have to be drawn from this type of study. Apparently the 
only data available are the experimental results of Héjendahl!’ for the 
nitranilines. The latter investigator has included in his article electric 
moments calculated from the experimental work of Pohrt. The latter 
contains data for several amines; however, the present authors are of the 
opinion that these calculations give a moment which is subject to an error 
which is sufficiently great such that comparisons cannot be safely made. 
The work of Pohrt was completed a number of years before the introduc- 
tion of the vacuum tube which has made possible dielectric constant 
determinations of sufficient accuracy that the electric moments of the 
molecules in question may be calculated from the data. 

It is worthy of note that while considerable progress has been made 
with electric-moment data in the case of derivatives of benzene inter- 
facial potential-difference data are meager and those which are available 
are difficult to explain. On the other hand, interfacial potential-difference 
data for compounds of the aliphatic type are numerous and lead to rather 
simple interpretations while electric-moment data have been obtained 
in but comparatively few cases.1* The interpretation of the latter data 
is more difficult, perhaps because the molecules must be considered to be 
non-rigid in practically every case. The derivatives of benzene have been 
treated as rigid molecules although there is perhaps little justification 
for such an assumption. The electric moment must be considered in 
every case to be an average moment. If it were possible to calculate the 
electric moment from potential differences at interfaces, this moment 
would be the moment of a molecule fixed in position due to the proximity 
of its neighbors. ; 

The discussion presented in this article leads to the conclusion that, 
while there is a striking similarity between the conclusions to be drawn 
from electric-moment data and from interfacial potential-difference data, 
any comparison between the two can be but qualitative in nature. 
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ON THE CONTINUOUS SPECTRUM OF THE HYDROGEN ATOM 


By Pau S. EpstEIN AND Morris MuskatT 
NorMAN BrIpGE LABORATORY OF Puysics, CALIFORNIA INSTITUTE OF TECHNOLOGY 
Communicated March 23, 1929 
The purpose of the present paper is to obtain expressions for the in- 
tensities in the continuous spectrum of atomic hydrogen suitable for 


numerical calculations. This purpose is accomplished by means of a 
new integral representation for the wave function in this special case. 


As examples of application, we calculate the absorption spectra of hydrogen — 


beyond the limits of the Balmer and of the Lyman series as well as certain 
limiting values of the absorption. 

1. Introductory —The knowledge of the continuous part of atomic 
matrices is necessary for the theoretical treatment of many phenomena 
such as photoelectric effect, rates of recombination, intensity of x-rays 
and others. But even for the simplest case of hydrogen-like atoms, ex- 
pressions suitable for numerical calculations have not yet been given. 
The general problem of normalization in the continuous range has been 
elucidated by Fues,! and a treatment of hydrogen-like atoms was under- 
taken by Oppenheimer.? The expressions he gives are, however, too 
complicated to be of much use numerically. .The purpose of the present 





406 PHYSICS: EPSTEIN AND MUSKAT Proc. N. A. S. 


communication is to supply this want for transitions from continuous 
(hyperbolic) stationary states into discrete (elliptic) ones. Only one or 
two illustrative applications of the formulas will be made in section 5 to 
show their advantages for numerical purposes, while the main physical 
discussion is reserved for a later publication. 

The quantization of hyperbolic orbits was developed on the basis of 
Bohr’s theory by one of the present writers, especially with a view to 
explaining photoelectric phenomena. After a first spurious attempt,’ it 
was shown‘ by him that in these states (positive energy, E>0) the azi- 
mutal quantic numbers are discrete integers, while the radial quantic 
number, and consequently the energy may assume any positive value. 

2, 








14 
Vy 


FIGURE 1 


These conclusions have been strikingly confirmed by Schroedinger’s wave 
dynamics.°® 

The representation of wave functions which has been given by one of 
’ us in a previous paper’ is valid also for the continuous or hyperbolic range 


tie? i a eames eae | 
X(r) = Fe E + 7 2ar + mar a (Qar)? +...]. (1) 

As in that paper, / denotes the total, k — 1 the azimutal quantic number, 
s = 1—k. The parameter a is given by a = —ye*Z/K’%l, and is con- 
nected with the energy by the relation E = —K?a?/2u.” It follows that 
a is real if E< 0 (elliptic orbits) and imaginary if E>0 (hyperbolic 
orbits). 

The elements of the atomic matrix essentially depend on the integral 


<< 7 ” alates (ald, (2) 
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where x,(ar) and x2(a’r) refer to the initial and to the final states of the 
atom. 

2. Properties of Wave Functions in the Continuous Range.—For hyper- 
bolic states the parameter / is imaginary as well as a(/ = ik, a =ilal, 
and | «| being real and positive). ‘The question arises, therefore, whether 
the function x(r) is complex. It was shown (loc. cit.) that our series (1) 
is a limiting case of the hypergeometric series 

x = 7 *~! exp(ar) lim ,<7/8,8=-0 F(—S:, By, 2k, — 2ax). (3) 

Making use of the expression of hypergeometric functions by a definite 

integral and going to the limit 8 = ©, we obtain® 


T1(2k — 1) 
(ik —1—1) M1(k+1—-1) 


1 
f e7 @t—Dar peo '-!} (1 fcs lat dt. (4) 


As k 2 1, this integral is convergent. Substituting the new integration 
variable ¢’ = (1 — #), we obtain a new form of the integral which differs 
from (4) only by / and a being replaced by —/ and —a, respectively, 
i.e., it is the complex conjugate of expression (4). The function x(r) is, 
therefore, equal to its own complex conjugate and this shows that it is 
real. 

From (4) we easily obtain the asymptotic expressions for large values 
of r. We can divide the path 0 to 1 into two parts: (a) from0 to —io, 
(b) from — 1 to 1. We see, at once, that the factor with (1 — #) can 
be omitted as negligible and that the two integrals become gamma func- 
tions: 


x(r) = 4" 








(2k — a 7 ew” 


me +7 —1) Gay * OM comp. (5) 


x (r) = 
- 


or 


(6) 


4e—™ 1 
W(k + 1 — 1) M(k —1—1) | 2a|™* 





} x = (2k — 1)!(T cosh + Ssiné )/r, 6 = | a|r— logs, 


T? +S? = 


3. Evaluation of the Integrals.—It was shown (loc. cit.) that the in- 
tegral (2) can be reduced to the simpler one 


eas f alka de lial, cael. (7) 
0 


We shall generalize the problem and are going to compute this expres- 
sion for any values of a and a’. For the applications, we can specialize it 
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again by assigning to these parameters their above dependence on / and 
l’. For the case of real and integral /,/’, we derived a differential equation 
for function (7) and gave its explicit expression (loc. cit.). Though the same 
differential equation remains true in the general case, there arise certain 
doubts as to which of its integrals satisfies the physical requirements of 
the problem. We prefer, therefore, to evaluate (7) by a different method. 
This method is based on the following representations of our x-functions 
by a definite integral 


aes ! 
Oe iia) exp far — (6 +. BE eat eh 
271 
(8) 
Lf Fase Iagrit eat 


The path of integration is a complex loop coming from + along the 
real axis, making a positive circuit round the point ¢ = 0 and going back 
to +. Inthe case, when/ — k is integral, the singularity in the point 
t = 0 is a pole and our loop degenerates into a circuit round this pole. 
This formula is easily obtained by using the power expansion of Bessel 
functions and noticing that the integral in each term of the expanded 
expression is a gamma function. ‘The parameter y must have a positive 
real part; apart from this, it drops out of the result and is arbitrary. How- 
ever, it is valuable because by a suitable choice of its imaginary part, we 
can secure the convergence of the following operations. 

We substitute (8) for both factors in the integrand (7) and apply the 
following relation from the theory of Bessel functions!*" 


a J,(2V/ ar) J,(2~/ bre" “dr = ‘ exp ( - Sade rt) J,(2i-V/ab/c). 
c c 


. (9) 

The conditions of convergence permit us to carry out the integration 
with respect to r first. One of the remaining integrations is exactly of the 
type (8). Using this formula, we obtain an expansion with an Euler 
integral in each term which we replace by a gamma function. The result 
is a hypergeometric series 


» (2k — 1)taet® 
1) ; 
(a 4. a’)?* 


x(s,a,7) = 


a) (10) 





R(s,s’) = (— 


F(-s - 9, 2b1 


u=(a—a')/(at+a’) = (lV —-)/U +): 
s’ being real, positive, and integral, this can be also written as) 
rr (2k — 1)! (2k — 11M +’ — 1) "bed 
Hd+k-1M0’+k-1) (a+a’)* (11) 


F(-s ay aoe a) 
u? 





R(s,s’) = (— 
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In the special case, where the parameter / is also real this expression 
becomes identical with equation (21), loc. cit. 

The relation existing between R(s,s’) and integral (2) can be derived 
from previously established equations (loc. cit.) as 


2k(2k + 1) (1 


X(l,k +1, a; I’, k, a’) = a 


— u’)[R(s,s’) — R(s + 2, s’)]. 


(12) 
Unlike the preceding equations, this formula does not apply to the general 
case of arbitrary a and a’: the constants are specialized a = — ye?Z/IK?, 
a’ = ye?Z/I'K?, moreover, s = 1 — k — 1,5 = 1’ — k. An analogous 
equation obtains in the case when k refers to the hyperbolic state and 
k + 1 to the elliptic. ig 
4. Normalization—Our expressions become divergent in the case 
1 = I’, a = a’, so that it is inconvenient to apply them for the purpose 
of normalizing our functions. The theory of normalization for the con- 
tinuous range has been worked out by Fues.! According to him, the nor- 
malizing conditions for our case can be stated as follows: : 


inn f LOD Le f (ar) HO x(o) 22D) T gn = 
a che a? 0 2 


He shows further that the bracket expression can be replaced by (S? + T?). 
sin (6,’ — 6,)d5/dr. According to (6) this leads to the expressions 
| 2 1 W(k +1 — 1) Wk — 

(2k — 1)! (2k — i 





es 


2 = 4 gm 2a 
g*(a) ~K | 


_ This is the normalization factor for the continuous range. It differs in 
two respects from our previous expression for discrete states 


| Qa! | 2k+111 (fp ys 1) 


¢*(a k) bi 2l’Ti(l’ — k)(2k — 1)! (2k — 1)! 


(14) 





In the first place, expression (14) refers to the intensity of a single line 
(Al’ = 1), while (3) refers to the density of intensities in the energy scale 
(AE = 1). This involves the factor dl/dE = y»/K*a*. The remaining 
ratio can be brought into the form ( — 1)*e"*/2 sin hw. Mathematically 
speaking, this is due to the definition of our x-functions by series (1) 
which for the continuous range is equivalent to integral (4) taken from 
0 to infinity, while for the discrete functions the path of integration is 

a Circuit round the origin. It is interesting to note that for large values 
of X this factor becomes one, so that the two expressions, referred to the 
same scale, become formally identical. 

5. Final Expression. Examples.—To obtain the square of a matrix 
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element corresponding to the transition from /, k + 1 to l’, k, we have 
to form the product J] = e*ky*(a, k + 1)g*(a’, k)X*. Our formulas (12) 
(13), (14) give 
k 
maser ain Beth 
~ -32u8e874s’! sin. WITA | (2k — 1)! (2k — D! 
_ (AUN/Q2 + 12) PE +2 @2, (15) 


6 = w’—| F(=s, — s’, 2k, 1 — ) _ wF (—s—2,-s,2k,1- +)I 
u* u 


It should be noticed that l’/k = ./— E/E’, I/\/\? + 12) = \/— EE’/- 
(E — E’). Our final expression is convenient for numerical computations: 
If s’ is small, the hypergeometric functions are reduced to few terms. 
If s’ is even moderately large, they can be evaluated by the method of 
the steepest descent which was invented by Riemann precisely for the 
discussion of hypergeometric functions. 

As an example of application, we give the curves for the continuous 
absorption spectrum beyond the limits of the Lyman and of the Balmer 
series (Fig. 1). We denote the limit of the series by ») and plot the co- 
efficient of absorption per atom a, = (27)*y//6c against the ratio v/v». 
The scale is arbitrary and for the Balmer series ten times as large as for 
the Lyman series. 

Another example are the limiting values of the absorption for the series 
limit v/v) = 1. It is easy to see from our formulas that this limiting 
value is the same as in the unresolved part of the line spectrum near the 
limit. The decrease of absorption is steep on the continuous side. Our 
limiting value applies, therefore, to either side of the series limit. In the 
case s’ = 0, k = I’ we have: a, = 40° *K4!"(e/2)~™ /3,y2e?Z?%c."5 In 
the case, 1’ > k, on the other hand: a, = 1,04. 24K 31" /pre2Z2c. 
The probabilities of spontaneous transition differ from these expressions 
by a factor const.//’*. Hence, in spite of the infinite number of quantic 
states, the expression for the total probability of capture of an electron 
is convergent. As appears from Temple's work,’ it is of advantage to use 
in the treatment of problems involving capture of electrons parabolical coér- 
dinates. But we should like to point out that our expressions (10), (13), (14) 
are directly applicable, also, in the case of parabolical coérdinates. They 
need only a change of notations to represent the functions, denoted by 
one of us'® by the letters M and N, and determining the matrices in this 
case. We propose to calculate the rates of recombination by this method 
in a later publication. 


1E. Fues, Ann. Physik, 80, 367 (1926). See also J. R. Oppenheimer, Phys. Rev., 31, 
66 (1928). 





[= exp (7A — 4X arctn 1’/d). 


| 
| 
| 
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second the charge of the electron. 


ON A FLUORESCENCE SPECTRUM OF OXYGEN 
By F. RasgTTI 
NorMAN BrmpGE LABORATORY OF PHysics, CALIFORNIA INSTITUTE OF TECHNOLOGY 


Communicated April 2, 1929 


The spectrum of the light from a mercury arc scattered by oxygen at 
atmospheric pressure and photographed with a quartz spectrograph 
shows, besides the Raman lines which have been reported by the writer 
in other notes,' a series of doublets, extending from the ultra-violet limit 
of the spectrum on the plate down to the visible region. This appears as 
a fluorescence spectrum excited by the resonance line \1849 of mercury, 
which is strongly absorbed in Os. 

As it seems that this fluorescence of oxygen had never been noticed 
before, probably because of its extreme weakness, exposures of 50 to 80 
hours being needed to bring it out, and, as on the other hand, I have been 
able to determine its relationship with the known O, bands, I will give a 
brief account of the results obtained. 

A large Hilger quartz spectrograph was used. Wave-lengths were 
measured by comparison with an iron arc spectrum to an accuracy ranging 
from +0.3 A in the visible to +0.1 in the far ultra-violet. 

Before giving the observed wave-lengths of the lines, it is better to 
explain the general structure of this spectrum. 

From Ossenbriiggen’s work,? we know very well the structure of the 
Schumann-Runge band system of O2, a *S —> °S transition, according to 
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Mulliken.* The lower electronic state has only odd and the upper only 
even rotational states, so that each band consists only of a P- and R- 
form branch. : 

Now, from Ossenbriiggen’s data, we see that the frequency of the \1849 
mercury line, 54065.7 cm.~', coincides practically with two absorption 
lines of the Schumann-Runge system, precisely in Ossenbriiggen’s nota- 
tions with the lines: 


Reo(11) = vo(8,0) + Fs(12) — fo(11) = 54064 cm.-! 
P0(9) = vo(8,0) + Fs(8) — fo(9) = 54068 cm.-! 


where ».(8,0) represents the energy of the transition between the zero 
vibrational state of the lower electronic level and the eighth vibrational 
state of the upper electronic level; and F and f are the rotational energies 
of the two states. 

So we have to expect to observe in emission all the allowed combina- 
tions of the 8th vibrational and 8th and 12th rotational states with lower 
levels. 

All the intense observed lines can be explained as combinations with 
the second of these levels. According to the selection rule Aj,= +1, 
we should observe the following combinations in emission: 


Ry(11) = v0(8,k) + Fs(12) — f,(11) (1) 


Py,(13) = vo(8,k) + Fa(12) — f,(13) (2) 


where k = 0, 1, 2, 3, ... represents the vibrational state of the lowest 
electronic level. 

Part of the frequencies of the ‘‘zero lines’’ vo(8,k) are known from direct 
observation, and the others can be calculated very accurately from the 
formula for the energy of the k vibrational state: 


(E, — Eo)/he = 1565-37.k — 11.37.k? 


while the terms F(j,), of the form Aj;(j, + 1), are all given by Ossenbriiggen. ° 

The observed values of k range from 8 to 22, but there is an irregular 
variation of the intensity, and some lines could not be observed at all. 
This appears from the following table: 


TABLE I 
CHARACTERISTICS CHARACTERISTICS 
9OF THE DOUBLET k OF THE DOUBLET 


intense 16 missing 

intense 17 missing 

weak intense 

extremely weak intense 

intense 3 ? (overlapping with strong Hg lines) 
weak intense 

missing intense 

weak 
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Table II gives the observed values of the frequencies in cm.~!, the 
calculated values according to formulas (1) and (2), and the difference 


between them. 
TABLE II 
Rsk(11) Psk(13) 
CALC. OBS. DIFF. CALC. OBS. 


8 42285 .2 42279.5 — 5.7 42219.7 42217 .2 

9 40915.1 — 0.1 40850 .4 40851 .3 

10 39567 .8 eine 39503 .8 39503 .8 

12 36942 .0 — 3.0 36879 .6 36874.5 

13 35662 .9 ree 35601.4 35596. 1 

15 33172.9 33167.6 , 33112.8 33110.3 

18 29608 .9 29605.8 : 29551 .4 29548. 2 d 
19 28466 .2 28465. 1 : 28409 .3 28409 .9 : 
21 24249. 1 26257. 1 + 8. 24193 .9 26204. 1 +10. 
22 25174.7 25194.7 : 25120.2 25139.5 +19. 


From the table, it appears that the calculated and observed values 
agree within the limits of experimental error, except for the last two 
doublets. But we may expect the simple quadratic formula for the 
energies E, to become inaccurate for high values of the vibrational quan- 
tum number. The discrepancy is not much larger than the experimental 
error in this region, anyhow. ‘The frequencies of two lines are not given 
as they practically overlap with mercury lines. 

The characteristic doublet structure with a separation of about 60 
cm.~—! of this fluorescence spectrum is very accurately accounted for as 
a f,(13) — f,(11) doubling. 

We should expect, also, doublets having the 8th rotational state as 
initial level to occur. One component of these doublets, that is, Ps,(9), 
falls always so close to Rg,(11) that it cannot be separated with the reso- 
lution available. The other, Rs,(F), should fall at about 40 cm.~! dis- 
tance on the short wave-length side of Rg,(11). Near the stronger of the 
doublets, a line was actually observable in that region, but it is too weak 
to be measured accurately. 

We may remark that this fluorescence spectrum seems to have some- 
what different characteristics from the well-known atomic fluorescent 
spectra, and the J, fluorescence in the case of molecules. We should 
expect the fluorescence to occur with higher intensity at low pressure, but 
an experiment with oxygen at about 8 mm. pressure gave no lines at all. 
On the other hand, at atmospheric pressure the time between impacts is 
short compared with the mean lifetime of the molecule in excited states, 
so that impacts of the second kind should distribute the molecules in a 
number of rotational states, and the emission should consist of the whole 
bands instead of only two lines of each. So we have perhaps an instance 
of a transition case between Raman effect and fluorescence, or what we 
might call a “‘selective Raman effect.” 
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As the frequency v of the impinging quantum becomes very near to 
the characteristic absorption frequency (FE, — E;)/h, the scattering 
(both of unmodified and modified frequency) becomes particularly in- 
tense, and in the Raman spectrum those transitions 1 —~ s are particularly 
enhanced, for which the transition probability (ks) is high. So we might 
consider the observed frequencies, also, as differences between the fre- 
quency of the Hg line \ 1849 and the frequencies of the considered transi- 
tions. The values calculated in this way would differ only by 1.7 cm.—! 
from those given above, which falls within the limits of accuracy of the 
present measurements. In this way, we might account for the fact that 
only two lines of each band appear at such high pressure. The above- 
given classification of the observed lines holds both if we consider the 
phenomenon as a fluorescence or as a Raman effect. 

I am glad to acknowledge my indebtedness to the International Educa- 
tion Board for a fellowship grant which gave me the possibility of working 
at the California Institute of Technology. 

1F. Rasetti, Proc. Nat. Acad. Sci., 15, 234, 1929; Nature, April, 1929. 


2 W. Ossenbriiggen, Zeit. Phys., 49, 167, 1928. 
3R. S. Mulliken, Phys. Rev., 32, 186 and 880, 1928. 


ON THE SPECTRA OF ZNII, CDII, INIII AND SNIV 
By R. J. LANG 


DEPARTMENT OF Puysics, UNIVERSITY OF ALBERTA 


Communicated March 24, 1929 


Abstract—In the spectrum of ZnII six new combinations between 
known terms are located. In CdII the 7S term is found, and two inter- 
combinations are recorded. In InIII one new multiplet, based on known 
term values, is given and possible values for the 6F terms obtained. 
In SnIV four multiplets are located all based upon previously known 
term values. 

The spectra of ZnII and CdII were investigated by G. v. Salis! in 1925, 
who found a large number of terms based upon the normal configuration 
(d'° ZnIII, CdIII) and one anomalous doublet D term from (d°s*) of 
ZnII but only one of this pair of terms in CdII. At that time the Hund 
theory was not developed and the meaning of these anomalous terms 
was not known; nor had the Schumann region been accurately measured, 
so that the classification of Salis did not extend far beyond 2000 A. 

InIII and SnIV have been classified by Carroll,? Rao* and the writer‘ 
while Rao, Narayan and Rao’ have recently summed up the known terms 
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of each spectra and shown them to constitute a consistent scheme which 
may now be adopted with confidence. 

This report deals with some further classifications in each of these 
spectra, arrived at largely by the use of term values already known, the 
multiplets lying generally in the very short wave-length region of the 
spectrum. ‘The sources employed were in each case the vacuum spark 
between metallic electrodes. The newly-classified lines are given in tables 
I, II, IV and V; where in each case the observed and calculated values of 
the wave-length are given in I. A. (vac) below 2000 A. ‘The notation used 
is that of Russell and Saunders, now generally adopted except that the 
anomalous doublet D term referred to above is abbreviated to mD. 

ZnII.—In table I are shown the new combinations in ZnII. One or 
two points only need comment. The line 4P, — 7S appears to be more 
intense than is to be expected for this higher S term combination and since 
Av is somewhat too large it may be that this line is blended with another, 
but this cannot be decided from the plates. The combination 4S — mD 
is a violation of the combination rules and the only reason for looking for 
such a combination here is that one of the corresponding lines, namely, 
1S — *D; (Paschen’s notation) was found by Paschen® in HgII. Strange 
to say, the above line is the one which violates both the / and j combina- 
tion rules. It appears that in ZnII both of these lines are present, al- 
though there is still some doubt in regard to them since they are about 


0.5 A out of the expected position, while the 4P — 6S lines, which fall 
near the same part of the spectrum, are out only by 0.05 A. 


TABLE I 


COMBINATIONS IN THE SPECTRUM OF ZNII 


(OBs.) 
DESIGNATION A(CAL.) MI. A. VAC. 


I 
mD:—4F 1929.69 1929.89 1 
mD;—4F 1833.48 1833.71 2 
4S—mD; 1594.36 1595.09 2 
4S—mD, 1528.11 1528.67 1 65416 
mD;—5F 1550.91 1550.76 1 64485 
4P.—6S 1535.08 1535.11 3 65142 
1 
3 
1 
1 
1 


i Ay TERM VALUES 
51816 mDz 79449.96! 
54534 mDs 82169 .02} 
62692 


4P,—6S 1514.76 1514.81 66015 
4P.—7S 1306.76 1306.70 76529 
4P,—7S 1292.02 1291.86 77408 
4S—5P, 986 . 53 986. 54 101364 
4S—5P2 984.15 984.17 101608 


1 Term values by Salis. 


CdaIT.—In table II three new combinations in the spectrum of CdII are 
given. The 7S term is new. It was not found by Salis, since the only 
combination (6P — 75S) which one might expect to find at that time 
falls in the infra red. Now, however, one may look for 5P — 7S in the 
Schumann region. The long sequence of effective quantum numbers for 
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S terms makes it possible to predict the term value of 7S to a few units 
of wave number. It is therefore easy to locate the pair of faint lines hav- 
ing Ay = 2483. The stronger line should lie on the longer wave-length 
side as it is found todo. Fortunately there is no other pair of lines in the 
neighborhood which approximates to the requirements. ‘The term value 
arrived at is 7S = 29084 and fits nicely into the scheme of quantum 
numbers as shown in table III. 


TABLE II 


NEw TERMS AND COMBINATIONS IN THE SPECTRUM OF CpII 


(oBs.) 
DESIGNATION X(CAL.) AI. A. VAC. Y Ay TERM VALUE 


5P2—7S 1648.15 é 60674 0483 7S 29084. 
5P,;—7S 1583.35 63157 

5S—-6P,; 1055.84 1055.85 94710 
5S—6P2 95382 
5S—mD, 1335.24 1335.14 1 74898 


672 


TABLE III 
EFFECTIVE QUANTUM NUMBERS AND DIFFERENCES FOR S TERMS oF CdII 


EFFECTIVE 
TERMS TERM VALUES Q. NUMBERS DIFFERENCES 


5S 136376. 59 1.794 
6S 53386 .37 2.867 
7S 29084 3.885 
8S 18335. 49 4.893 
9S 12624.31 5.897 
10.S 9223.21 6.899 
11S 7033 . 80 7.900 
12S 5540.60 8.901 


In regard to the (d® s?)*D terms of CdII it should be mentioned that 
McLennan, McLay and Crawford® have given a 7D; term based upon the 
line 4415.72(20)22640.0 which makes with the *D, term of Salis Ay = 
5635.1. The term values thus arrived at are D. = 61483.3, Dz; = 67118.1. 
These terms should combine with the normal F terms and, by analogy 
with HgII, with the Sterms. In table II are given the combination found 
between D, and 5S. No combinations between these D terms and the 
normal F terms could be found except that D, — 4F; falls within two units 
of wave number of the line 2981.495 given by Eder and Valenta as a 
spark line and by Kayser and Runge’ as an arc line. 

InIIIT.—One new combination 5P — 6D has been found in InIII by 
means of known terms as shown in table IV. This, together with the fact 
that Rao Narayan and Rao’ were able to predict and locate the 5D — 6P 
groups in the visible region near 6000 A adds much to the confidence 
which one may now have in the term scheme of InIII. One other pair 
is given in table IV as 5D — 6F, but this could not be checked by any 
further combinations and must therefore be considered merely as tenta- 


0.073 
0.018 
0.008 
0.004 
0.002 
0.001 
0.001 
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tive. The system of term values is quoted here from the paper by the 
authors mentioned above as it is thought that the reference may not be 
generally available. 

TABLE IV 


CoMBINATIONS IN THE SPECTRUM OF INLII 


(OBs.) 
DESIGNATION A(CAL.) ALA. VAC. I ed Ay TERM VALUES 


5P2—6D, 917.40 917.30 0 109016 176 5S 226133 5D, 97675 
5P:—6D; 915.87 915.82 7 109192 4335 5D; 97385 
5P:i—6D, 882.25 882.21 4 113351 6S 99255 
6D, 55602 
5D;—6F? 1752.38 57065 290 7S 56706 6D; 55420 
5D:—6F? 1743 . 52 57355 
5F 64154 
5P; 168948 


5P2 164606 6F 40320? 


6P; 81545 5G 39600 
6P2 80208 


SnIV.—In table V four new combinations are given in the spectrum 
of SnIV. All of these were predicted by Rao, Narayan and Rao® except 
the first one. ‘The fact that all of these lines appear without doubt in the 
expected positions within experimental error shows that the scheme now 
given for SnIV may be accepted with confidence. The term values are 
based upon an assumed value of 6G = 70400, which must be very nearly 
correct. All the known terms are listed. 


TABLE V 
CoMBINATIONS IN THE SPECTRUM OF SNIV 
DESIGNATION A(CAL.) Pgs I Y Ay TERM VALUES 
4F—5G 710.01 710.49 O 140748 5S 328671 6D. 93885.4 
6D; 93553.2 
5P,—6D, 630.08 630.33 158647 330 6S 154540 
5P:—6D; 628.77 629.02 158977 4F; 211243 


5Pi:i—6D, 605.23 605.51 165150 _ 7S  91063.1 4F, 211231 


5P:x—7S 619.07 619.34 161462 6503 5P; 259112 5F; 115411.1 
5P:—7S 595.06 595.36 167965 5P2 252594 5F, 115245.6 


5S—6P;, 505.45 505.89 197671 2173 6P, 130826.2 5G 70400 
5S—6P, 499.94 500.36 199844 6P2 128648.8 
5D2 163374 


5D; 163267 


One matter in regard to the previous work of the author‘ on SnIV 
should be mentioned. Rao, Narayan and Rao have pointed out that the 
5D — 5F multiplet which is inverted should probably have been classi- 
fied as 4F — 5D, thus giving this F term its origin in the (5s 4f) con- 
figuration instead of (5s 5f). This seems reasonable since it accounts 
for the inversion of the multiplet. It also clears up the matter in regard 
to the pair of lines at 1130 A, which were classified by the writer as part 
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of the spectrum of SnIV and also by Gibbs and White® as belonging to 
SnV. Rao, Narayan and Rao have shown also that the 5D — 5F multi- 
plet should include the lines 


5Ds5Fs 
5Ds-5F 2084.27 (8) 47,963 .0 
5D:-5F; 2081 . 25 (8) 48,021.1 


The satellite was not found and does not appear on the author’s plates. 
However, the two F terms so obtained, namely, 4F3,, = 211243, 211231 
and 5F3,4 = 115411, 115246, fit into a Rydberg sequence rather well, as 
these authors have pointed out. On the other hand, the corresponding 
4F term could not be located definitely in InIII. 

The author acknowledges a grant from the Research Council of Canada 
which enabled him to carry on this work. 
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POLARIZATION OF THE TUNGSTEN L RADIATIONS 


By PAUL KIRKPATRICK AND IWAO MIYAKE 
DEPARTMENT OF PuHysics, UNIVERSITY OF HAWAII 


Communicated April 12, 1929 


The state of polarization of characteristic x-radiations has within recent 
months been the subject of investigations by Bishop,' Haas,? Mark and 
Wolf,* Bearden,* and Wollan.’ Haas examined the Ka radiation of iron, 
Mark and Wolf the K lines of copper, while the others cited worked with 
the Ka lines of molybdenum. With the exception of Bishop all of these 
experimenters have found the characteristic radiations to be, within the 
limits of their experimental errors, unpolarized. The present writers 
would add to these findings the results of a study of the L radiations of 
tungsten in which the states of polarization of the three lines La;, LAi, 
and Ly; were separately considered. The results are in accord with the 
consensus of the researches mentioned above, no polarization being found 
in the case of any line, though the method employed should have revealed 
any polarization as great as one per cent. 
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The method of measurement was substantially that which one of us® 
has previously described and which has been applied by Wollan.’ The 
accompanying figure makes clear the experimental arrangements. A 
Universal Coolidge tube of medium focus was mounted so that it could be 
rotated about a horizontal axis perpendicular to its length and passing 
through the center of the focal spot. ‘The tube was operated on rectified po- 
tential having a maximumof 86 kv., and carried a current of 3 milliamperes. 
X-rays, emitted in the axial direction, were received by a Bragg spectrom- 
eter and reflected in the first order from (210) planes of rock salt into an 
ionization chamber which was connected to a Compton electrometer. 
The crystal planes selected permitted in all cases the necessary large angles 
of reflection. Reflected energies were measured by sweeping the crystal 























| 
k 


A. Axis of x-ray tube rotation. B. Electromagnetically operated shutter. 
C. Drive-shaft for rotating crystal. D. lIonization-chamber system for measuring 
direct beam. 


across the position of reflection and noting the total electrometer deflec- 
tion produced. 

These integrated reflected energies were compared for the vertical and 
horizontal positions of the x-ray tube. Their ratio was affected not only 
by primary polarization but also by an inevitable difference in the power 
of the effective x-ray source for the two different tube positions. This 
latter variation is undesirable and its effects were eliminated by the use 
of the separate ionization chamber D, which received the direct beam 
transmitted by the crystal. Every observation of an integrated reflection 
was accompanied by a simultaneous measurement of the total ionization 
produced in D. ‘The ratio of these two electrometer readings was taken 
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as the measure of the reflected energy. The ratio of reflected energies 
with the tube in horizontal and vertical positions is designated by K. 
The primary polarization of the radiation reflected has been shown to be 


= K — cos? 20 
1 — K cos? 26 


In this expression P = E/E}, where E, and E, are the electric vectors 
perpendicular and parallel to the electron stream. 

The tungsten L radiations are acompanied by a continuous spectrum 
of such intensity that under the conditions of these experiments every 
integrated reflection of a characteristic line yielded something like equal 
amounts of characteristic and of reflected and scattered general radiation. 
In the computation of K this general portion was deducted from the 
characteristic reflections, the deduction being based upon integrated re- 
flections of the continuous spectrum, which were taken in both tube 
positions at wave-lengths just longer and just shorter than that of the 
characteristic radiation under observation. 

Several sets of observations were made upon different days in the case 
of each of the three L lines investigated. The results are assembled in 


the following table. 
TABLE 
DESIG- WAVE- NUMBER OF DE- % CHARAC. ‘ 
NATION LENGTH 2 6 TERMINATIONS RADIATION K Pp 


La, 1.473A 71° 38’ 49 39 1.003 +0.023 1.004 +0.028 
LB, 1.279 A 61° 04’ 30 58 1.001 +0.011 1.002 +0.017 
Ly, 1.096A 51° 38’ 67 63 1.007 +0.007 1.016+0.016 


Most of the column headings are self-explanatory. Column five shows the 
per cent of characteristic radiation received during an integrated reflection. 
Columns six and seven pertain to this characteristic portion alone. It is 
indicated that these radiations are unpolarized. 

This result is in satisfactory agreement with present ideas about the 
nature of characteristic emission. It is also of interest to find that this 
method of polarization measurement, which has been subjected to some 
criticism,‘ is capable of giving good results with these very weak radia- 
tions. ‘The method is now being applied to continuous spectra. 

Several months ago one of the present writers® raised a question as to 
the propriety of applying to absolute x-ray reflection measurements the 
tacit assumption that the radiations reflected were free from primary 
polarization. In view of the above results, and, to a greater extent, of the 
results of other experiments cited above, it seems quite clear that such as- 
sumptions, whether justified or not, have been in fact harmless. 

For a large part of the apparatus used in these experiments we are in- 
debted to the generosity of the Trustees of the Queen’s Hospital of Hono- 
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lulu and the Rumford Committee of the American Academy of Arts and 
Sciences. 
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2 Haas, H., Ann. Phys., 85, 1928 (470). 

3 Mark, H., and Wolf, Karl, Zeits. Phys., 52, 1928 (1). 
4 Bearden, J. A., Proc. Nat. Acad. Sci., 14, 1928 (539). 
5 Wollan, E. O., Ibid., 14, 1928 (864). 

6 Kirkpatrick, Paul, Phys. Rev., 29, 1927 (632). 


A STUDY OF THE RAMAN EFFECT IN ACETONE 
By JOHN WARREN WILLIAMS AND ALEXANDER HOLLAENDER 
LABORATORY OF PHYSICAL CHEMISTRY, UNIVERSITY OF WISCONSIN 


Communicated April 6, 1929 


The discovery of the ‘Raman Effect’? has made available another 
powerful method of attack for the important problem of molecular struc- 
ture. Indeed, this scattering of visible light with change of frequency 
was first observed in the case of molecular liquids because the chance for 
the collision of quanta with molecules is here comparatively great. The 
effect seemed to the authors to provide a means for the detection of com- 
pound formation in solution, a problem of great significance to the chemist. 
With this in mind a study of the Raman spectrum of acetone, chloroform, 
and of a series of mixtures of the two components has already been made. 
The results of this and similar studies will be reported in another place. 
The data for acetone were thought to be of sufficient importance to justify 
this separate report. 

The method used in taking the photographs of the spectra is exactly 
similar to that described by Pringsheim? and by Wood.* ‘Two instru- 
ments were used, one a Steinheil glass prism spectroscope with a specially 
adapted photographic apparatus and the other a quartz spectrograph 
made by Kriiss and which had a somewhat smaller power of dispersion. 
The time of exposure varied between ten and fourteen hours for the glass 
prism instrument, and between thirty and fifty hours for the quartz prism 
instrument. ‘The wave-lengths of the lines were determined by means 
of a comparimeter which could be read to 0.01 mm. 

The results of the measurements are given in table 1. 

Discussion.—Raman has shown the frequency difference between the 
excited and exciting line to be constant and equal to the frequency of an 
infra-red absorption band. The explanation is, in effect, that light 
quanta give up a portion of their energy to the molecule raising it to an 
excited state. ‘They then pass on with diminished energy and are recorded 
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in the spectrograph as lines of longer wave-length. These quanta may 
also gather energy from the molecule since lines of shorter wave-length 
also appear. Making use of these facts the positions of thirteen infra-red 
absorption bands for acetone have been calculated, twelve of which cor- 
respond exactly, within the limits of experimental error, to absorption 
bands which have been observed in investigations of infra-red spectra. 
The remaining calculated line, 18.77u, is beyond the region ordinarily 
studied in infra-red work. 
TABLE 1 
RAMAN LINES FOR ACETONE 

v I yl Av ARA \(I—R) OBSERVER 
21,140 4078 24,515 3375 2.96 2.96 
21,140 4359 22,937 1797 5.62 5.75 
21,430 4108 24,336 2906 3.44 3.42 
21,611 4348 22,994 1383 7.23 1:3 
21,700 4359 22,937 1237 ; 8.3 
22,147 4359 22,937 790 
23,018 4078 24,515 1497 
23,152 4078 24,515 1363 
23,963 4359 22,937 1026 
24,165 4047 24,704 539 
24,366 4359 22,937 1429 
24,473 3655 27,352 2879 
24,443 3655 27,352 2909 


= Wave length of Raman lines. 
= Relative estimated intensity of Raman lines using the lines excited 
by 4359 as standard. 
= Wave number of Raman lines. 
’ = Wave length of exciting lines. 
y’ Wave numbers of exciting lines. 
Av Distance in 1/cem. of Raman lines from excited lines. 
ARa = Wave length calculated from frequency differences. 
A(I—R) Position of observed infra-red absorption bands. 
Observer = M = Marton, Z. f. Phys. Chem., 117, 105 (1925). 
C = Coblentz, Carnegie Institution of Washington, Vol. I (1905). 


oannn00ng 


0 
0 
0 
0 
3 
2 
1 
1 
3 
1 
1 
1 
1 


an00 


The presence of the line 2.96u in the Raman spectrum is of interest 
because it is one of the shortest lines ever found in this manner. This 
line and the line 2.974 found for water by Carrelli, Pringsheim and Rosen‘ 
seem to be the only ones found to date which are shorter in length than 
3u. The appearance of lines corresponding to the absorption bands at 
3.4u and 7.34 which are characteristic of the C—H linkage was to have 
been expected. The presence of a line corresponding to 5.75y, character- 
istic of the C=O linkage, was also to have been expected. The line found 
at 4729 A gives a frequency difference corresponding to 5.62u when the mer- 
cury line 4359 A is used as the exciting line. The same Raman line used 
with the exciting line 4078 A gives the infra-red band at 2.964. It is prob- 





VoL. 15, 1929 MATHEMATICS: M. H. STONE 423 


able that both are correct, but this cannot be certain until a sufficient fitter 
technic has been developed. 


1 Raman and Krishnan, Nature 121, 501, 619, 711; 122, 12, 169, 278 (1928). Lands- 
berg and Mandelstam, Naturwiss., 16, 557 (1928). 

2 Pringsheim and Rosen, Zeit. Physik, 50, 741 (1928). 

3 Wood, Phil. Mag., (7) 6, 729 (1928). 

4 Carelli, Pringsheim and Rosen, Zeit. Physik, 51, 511 (1928). 


LINEAR TRANSFORMATIONS IN HILBERT SPACE: 
IT. ANALYTICAL ASPECTS! 


By M. H. STONE 


DEPARTMENT OF MATHEMATICS, HARVARD UNIVERSITY 


Communicated April 3, 1929 


In our first note,? we introduced the terminology adapted to a study 
of linear transformations in complex Hilbert space and discussed certain 
geometrical aspects of self-adjoint transformations. We shall now de- 
velop analytical representations of such transformations or operators. 
For this purpose it is necessary to define the concept of a canonical resolu- 
tion of the identity:* a canonical resolution of the identity is a family 
of special operators or projections, F,, defined for all real values of X, 
with the properties 


Fy E, = E, Ey = E,, 2 uw, 


lim, —» — Fy = O, TN itin'd-m Fy = £ 
lim,» Fy. = E), e> 0; 


the limiting equations are to be interpreted in the sense that each is true 
when applied to an arbitrary element of 6. 
Our first analytical result is comprised in the following theorem. 
THEOREM. Between the class of all self-adjoint transformations and 
the class of all canonical resolutions of the identity, there is a one-to-one 
correspondence such that, if R, is the inverse of T — /.J, then 


he" 
Q(Rif, g) = j 11 Ef g) 


for all not-real / and for all f and g in §. The integral is to be taken in 
the sense of Stieltjes. 

The proof of this theorem depends upon (1) the first theorem of our 
preceding note, (2) a uniqueness theorem due to Stieltjes, (3) a converg- 
ence theorem of Vitali, (4) the Helly-Bray theorem, (5) a theorem of 
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Fréchet concerning numerically-valued linear functions of an element 
in §; the method has been used by Carleman to obtain restricted con- 
clusions of the same general character.‘ When T is given, we construct 
a sequence of self-adjoint transformations T) approximating T, in such 
a manner than R{*? can be represented as required by the theorem. By 
(3) we can then verify the equation limy_, .Q(R{” f, g) = Q(R;f, g) for 
all not-real J]. By (2) and (4) it is established that 


ae 
Q(R:f, g) -{- 1-1? 


where p is a unique function of limited variation, depending on f and g, 
with the properties 


lim, _» ~ .p(d) = 0, lim, —» + ©p(A) — Of, 8), p(A+ 0) = p(A). 


Finally, we use (1), (2) and (5) to prove that p = Q(E,f,g). When E, 
is given we can show without difficulty by (1), (2) and (5) that the trans- 
+o 


1 
formation X;, defined by the relation Q(X, f,g) = J “gay dQ(E, f,g) 


is the inverse of a transformation J — /.J for all not real]. We may re- 
mark that when 7 is known the family FE, can be constructed from R, 
by integration in the complex /-plane but that the validity of the pro- 
cedure must be verified on the basis of the present theorem.® 

By simple manipulations of the formula of this theorem we can derive 
the following direct relation between T and EF): 

THEOREM. If T is a self-adjoint transformation and F,‘the correspond- 
ing canonical resolution of the identity, then 7f exists when and only 


when f \dQ(E, f) is finite, and Q(Tf, g) -{- NdQ(E, f, g) for all 


f in § and all g in §.° 

The two theorems enunciated in this note can now be combined with 
the second theorem of the preceding to complete our knowledge of R;, 
for all points of the /-plane. 

THEOREM. (1) The real points of class A constitute an open set, on 
every open interval of which F, is constant; if ] is a real point of class A, 
the analytic representation of R; given above is valid for all f and g in ©. 
(2) If 1 is a point of class B, then E;_»9 = E; = Ej, +40, and E, is constant 
in no open interval containing /; R,f exists when and only when 


+2 4 
f aD? dQ(E,f) is finite and is then representable in the form 


given above. (3) If/ is a point of class C, then E;_»9 # E, and there exists 
an f ~ 0 such that 7f — 1 f = 0; R, is not defined for such a value of I. 
(4) The set B + C is closed and not empty. 

The terms spectrum, continuous spectrum and point spectrum cus- 
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tomarily applied to the sets B + C, B and C, respectively, derive their 
significance from this theorem. 

A partial solution of the problem of the existence of linear subspaces of 
§ invariant under T may now be formulated: 

THEOREM. If (A,u) is a closed interval to which the point \ = 0 is 
exterior, and if §,, is the closed linear subspace of § comprising all 
elements f such that E, f — E,f = f, then T is defined throughout §,,, 
and transforms it in a one-to-one manner into itself. The space §,, 
may contain the sole element 0, may be an u-dimensional unitary space, 
or may be a complex Hilbert space. 

1 Presented to the American Mathematical Society, October 27, 1928. 

2 Proc. Nat. Acad. Sci., 15, p. 198, 1929. 

3J. von Neumann, Géttinger Nachrichten, 1927, pp. 32-33. The appellation 
“resolution of the identity” seems to be an appropriate translation of his ‘Zerlegung 
der Einheit’’ and is descriptive of the properties of the family EF). 

* Stieltjes, Annales Toulouse, 1, 8 (1894), pp. J68-J75; Montel, Lecons sur les 
familles normales, Paris, 1927, p. 30; Bray, Ann. Math., 20 (1918-19), pp. 177-186; 
Fréchet, Trans. Am. Math. Soc., 8 (1907), pp. 489-44; Carleman, Equations intégrales 
singuliéres, Uppsala, 1923, pp. 25-28, 52-55, 81-82. 

5 Hellinger, J. Mathematik, 136 (1909), pp. 210-271, employed the method of con- 
tour integration to discuss bounded operators. 

6 This relation has been proved recently by von Neumann in an unpublished paper, 
kindly brought to my attention by Professor Weyl since the preparation of my first 
note. His proof, also indirect, is entirely different from that sketched here. The other 
theorems I have given can be derived from this, once it has been demonstrated. 


AGE CHANGES IN ALCOHOL TOLERANCE IN DROSOPHILA 
MELANOGASTER 


By RAYMOND PEARL, FLORENCE BARCLAY WHITE AND JOHN RICE MINER 
INSTITUTE FOR BIOLOGICAL RESEARCH, JOHNS Hopkins UNIVERSITY 


Communicated April 24, 1929 


While certain orderly physiological changes with advancing age are 
known for some organisms, notably man, in general it is true that the stig- 
mata of senescence which are best known are morphological. There has 
been relatively little work of a systematic character regarding senescence 
on any other organism than man. 

It is the purpose of this paper to report in a preliminary way some of the 
results of a study of physiological changes with age in Drosophila upon 
which we have been engaged for some years past in this Institute. Later 
a more complete account of the investigation will be published in our series 
of Experimental Studies on the Duration of Life. 
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In Table 1 are shown, for the indicated ages in days, the average time 
in minutes required for Drosophila to become completely anaesthetized by 
the vapor of absolute alcohol under experimental conditions standard, 
constant, and identical for each age. Briefly, the technique was to intro- 
duce into a wide-mouth bottle of 120 cc. capacity five normal flies of the 
same age. On the under side of the cork of this bottle was pinned a circle 
of thick filter paper, on which were placed 12 drops of absolute al- 


TABLE 1 


TIME OF ANAESTHESIA OF DROSOPHILA AT DIFFERENT AGES 
MEAN TIME OF ANAESTHESIA 
BOTH SEXES MALES FEMALES 
MINUTES N MINUTES N MINUTES N 


9.639 +0.138 100 .706+0.177 54 9.560+0.222 46 
873 +0.071 100 .140+0.103 53 5.572+0.091 47 
928 +0.087 100 .154+0.125 51 4.693+0.120 49 
913+0.121 50 .898+0.149 32 6.939+0.228 18 
355+0.091 50 .709+0.126 28 5.904+0.108 22 
808 +0 .075 .751+0.097 60 5.893+0.120 40 
096 +0 .085 .142+0.105 25 6.050+0.141 25 
590 +0. 136 .842+0.167 36 5.943+0.214 14 
522 +0.053 .285+0.085 46 4.725+0.062 54 
576 +0.081 .736 +0.129 27 4.389+0.092 23 
054 +0.078 .972+0.115 24 4.130+0.112 26 
968 +0 .083 .017+0.117 33 4.872+0.104 17 
246 0.080 .424+0.103 29 4.002+0.127 21 
957 +0 .047 .858+0.066 27 4.073 +0.067 23 
510 0.060 .638+0.134 16 3.450+0.065 34 
512 +0.057 .616+0.080 25 3.408+0.084 25 
836 +0 .080 .808+0.106 24 3.863 +0.126 26 
943 +0.055 .145+0.167 9 3.899+0.060 41 
287 +0.073 .638+0.115 9 4.210+0.084 41 
386 =0.096 .576+0.207 17 4.289+0.106 33 
696 +0 .072 . 786 =0.099 26 3.598+0.111 24 
050 +0. 100 .047 7 4.050+0.105 43 
719 +0.077 . 742 3 3.782+0.077 47 
116 =0.060 .922+0.120 13 4.185+0.070 37 
57 313 +0.075 . 240 9 3.329+0.084 41 
60 142 +0. 103 .949+0.134 25 4.336+0.160 25 
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cohol. Then with a stopwatch the time was recorded that it took 
each individual to reach a definite end stage of anaesthesia. All of 
the experiments were carried out at temperatures inside the bottle 
within +1° of 25.5°C. The flies used were from our Line 107 normal wild 
type, Drosophila melanogaster. ‘The data here reported include ages up 
to 60 days only. It is more difficult, for obvious reasons, to get sta- 
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tistically adequate collections of data at more advanced ages, but in the 
final report on this work the curve will be extended to the extreme upper 
limit of fly life. At 60 days of age the life table for Line 107 flies! shows 
that 80 per cent of males are dead and 71.1 per cent of females. 

From table 1 the following points are to be noted: 

The total number of individuals for each of which the time of anaesthesia 
was measured is sufficiently large (1550) to give reasonable confidence in 
the results. At the early ages where the time of anaesthesia is changing 
rapidly per unit of time the observations were multiplied in number and 
more closely spaced in time. Owing to the fact that the flies for testing 
were taken from stock cultures at random except in respect of age, it 
results that there are more females than males in the series. This comes 
about because of the greater normal duration of life in females than in 
males. In a culture of Drosophila in which the flies are more than 40 
days of age a random sample drawn from the culture will generally 
contain more females than males, because there are more females in the 
culture. 

The general result which emerges from the data of table 1 is that as the 
fly grows older the length of time required for it to reach a definite stage of 
anesthesia under a constant dosage of alcohol vapor becomes shorter. 
Its alcohol tolerance becomes progressively lower. This change is very 
rapid at first and then slower with advancing age. Since we are concerned 
here only with adult flies (imagoes) in which there are no growth phe- 
nomena, any change in the characteristics of the organism which is prog- 
ressive with advancing age may properly be regarded as a phenomenon of 
senescence. We then have, in these alcohol experiments, an index or 
measure of physiological senescence—of the rate of growing old, in short— 
quite distinct and apart from the phenomenon of death. 

Study of the data suggested that the form of the curve of senescence 
for the physiological characteristic here studied was exponential. This 
is shownto be the fact, to a reasonable degree of approximation, in 
figure 1. 

The smooth curve in figure 1 is the graph of the equation 


y = 32.17e71-588""" 4 3. (i) 


In this equation y denotes time of complete anaesthesia; x is age in 
days and ¢ is the Napierian base. 

The interesting thing about this curve is that, with two slight changes, 
unimportant from the standpoint of theory, it is Gompertz’s original 
equation for the force of mortality, 


kx = Be’, (ii) 
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where yu, is the force of mortality at any age x, and B and c are constants 
for any given mortality table. The only respects in which (ii) differs from 
(i) are, first, that we have added an asymptote, because observation demon- 
strates that even with flies up to 99 days of age and in the particular appa- 
ratus used the time required for complete anaesthesia never falls below a 
mean value of about 3 minutes; and, second, that the more rapid change 
in the rate of senescence in the fly in early life requires the employment of 
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FIGURE 1 


The change in the time required for complete anaesthetization of Drosophila by a 
standard dose of alcohol vapor, with advancing age. Both sexes combined. 


the fourth root of age, rather than the age itself, which suffices to a rough 
approximation for man. ‘The present data appear to demonstrate, for one 
particular organism, the essential truth of Benjamin Gompertz’s assump- 
tion, a century ago, that the physiological process of senescence follows a 
geometrical progression. For the basis of Gompertz’s physiological think- 
ing on this matter was senescence, ‘‘a deterioration, or an increased in- 
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ability to withstand destruction,’ not mortality. Adequate systematic 
data regarding senescence were lacking. Hence the Gompertz “law” 
has been tested only on deaths. 

The next point of interest in connection with the data arises out of the 
circumstance that du Noiiy? has shown that the surface tension of colloid 
solutions (e. g., blood serum) decreases with time according to the equa- 
tion 


—fx'/2 ne 
y = ye”. (iii) 


which is again our equation (i), without the asymptote, and with the ex- 
ponent '/, on time rather than our '/,. This decrease in surface tension 
is held to be due to the adsorption in the surface layer, in function of time, 
of the molecules in suspension. The bearing of all this, which suggests 
itself in the present connection, is that since we are dealing here with 
anaesthesia, and since the work of Meyer, Overton, Lillie, Osterhout 
and others has shown that the action of narcotics is somehow primarily 
on the boundary membranes of cells, it is possibly something more than a 
mere coincidence that decreased tolerance to alcohol with age and de- 
creased surface tension of colloid solutions follow the same type of curve 
relative to time. 

The final point to which attention may be called is that, in general, the 
time required for complete anaesthesia tends to be lower in the females 
than in the males, according to the data of table 1, at least up to age 45. 
After that age the males are too meagerly represented in the samples to 
give very trustworthy results. Drosophila females are longer lived, by a 
substantial amount, than males. An interesting correlation is suggested 
here, with the possibility of another and different line of experimental 
attack upon the problem of duration of life than any hitherto dis- 
cussed. 

A more detailed account of these investigations will later be published 
elsewhere. 


1 Pearl, R., and Parker, S. L. ‘Experimental Studies on the Duration of Life. 
IX. New Life Tables for Drosophila.” Amer. Nat., Vol. 58, pp. 71-82 (1924). 

2du Noiiy, P. L. “Surface Tension of Colloidal Solutions and Dimensions of 
Certain Organic Molecules.” In Colloid Chemistry, Theoretical and Applied. 
Edited by Jerome Alexander. Vol. I, pp. 267-275. New York (Chem. Cat. Co.), 
1926. 
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MOMENTS OF MOMENTS 
By Paut R. Riper, Pu.D.* 


DEPARTMENT OF MATHEMATICS, WASHINGTON UNIVERSITY 


Communicated April 8, 1929 


The first four moments of the distribution of second moments (variances, 
or squared standard deviations) for samples of n from any infinite popula- 
tion have been given by Tchouproff,' although the first two of these were 
known before the publication of his paper.?, Tchouproff’s formulas are 
the results of some rather complicated algebra, and Church* has derived 
them anew in a simpler manner, pointing out that the formula for the 
fourth moment was in error. The method employed by Church was 
called by him ‘‘Student’s’”’ method, as it was used by “‘Student’’* in calcu- 
lating moments of means and variances of samples from a normal popula- 
tion. The method is as follows: 

Let yu; (ue) be the ith moment, about the zero point of the distribution 
of second moments, we, of samples of from any infinite population. 


Then 
2 2 ]i 
wi(u2) = E a (=) | 
n n 


in which S indicates summation over the 1 values of the sample (x, %e, 
...%,) of the variate x (measured from the mean of the population), 
and = denotes the process of summing for all possible samples of and 
dividing by the number of such samples. 

The square bracket is expanded to the ith power, and the resulting 
products such as (Sx?/n)* (Sx,/n)*” are expressed as sums of terms, 
which are themselves sums of the form Sxf" x3°...x7r. These are in 
turn expressed in terms of the moments of the sampled population. 

Finally, the moment u.(u2) about zero may be shifted by means of the 
ordinary transformations to the moment u;(u2) about the mean of we. 

It is the purpose of the present paper to show how these formulas can 
be very easily derived by extremely simple transformations of certain 
formulas of Thiele’ for the semi-invariants of the distributions of semi- 
invariants of samples. Also formulas are derived for the first two moments 
of uw; and yy, and for the first moments of us, us, M7, Ms. 

Let us designate by \;(\;) the 7th semi-invariant of the distribution 
of jth semi-invariants of samples of m. Since the value of the first semi- 
invariant depends upon the origin from which the variate is measured, 
we shall use the notation \{(x) when x is measured from an arbitrary 
origin, and ),(x) when x is measured from its mean; ),(x) is then of course 
zero.® 
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Thiele gives formulas for the first four semi-invariants of 2, the first 
two semi-invariants of 3; and \y, and the first semi-invariants of Xs, \¢, 
dz, As. We give, in the changed notation, the following formulas of 
Thiele which we shall use later: 


N (de) = n—'(n — 1)de 

e( Az) n(n — 1)[(m — 1)d\y + 2nd3] 

As( Az) n—*(n — 1)[(m — 1)*Xp + 12n(m — 1)Agde + 4n 
(n — 2)dX3 + 8n?r3] 

ha(As) = n-W(n — 1)[(m — 1)8r%g + 24n(m — 1)2Apdo + 32n 
(n — 1)(n — 2)X5A3 + 8n(4n? — On + 6)AU + 144n? 
(n — 1)d4AZ + 96n? (n — 2)d§Zr2 + 48n*rS] 

(As) = n-2(n — 1)(m — 2)rs 

ho( As) n~*(n — 1)(n — 2)[(n — 1)(n — 2)X5 + 9n(n — 2) 
(nade + A2) + 6n?A3] 

Mu) = n-3(n — 1)[(n? — 6n + 6) — 6nd3]. ) 





The semi-invariants may be expressed in terms of the moments as fol- 
lows:? 
NM =e Mem =O, MH Wy = be 
M M4 — 3u5, As = ws — 1Ousue 
Xe = we — 15pame — 103 + 30p5 
hz Mz — 21psme — 3dpsys + 210 usu; 
As = we — Wyeue — 56usus — 35y5 + 420p4u5 + 560u5 ue — 630u3 


From (1) and (2) we have 


Hy (m2) = Xi (Az) = n(n — 1)pe ‘ 
H2(H2) = Ae(Ae) = m-8(m — 1)[(m — 1)(us — 3yg) + 25] 
n-%(n — 1)[(n — 1)ma — (nm — 3)y5] 
ls(M2) = Yg(A2) = n-8(m — 1)[(m — 1)%(ue — 15pame — 10u3 + 30y}) 
+ 12n(n — 1)(us — 3y)ue + 4n(n — 2)us + 8n%y}] 
n(n — 1)[(n — 1)?p5p — 3(u — 1)(n — 5) pape — 2(3n? — Bn 
+ 5)p2 + 2(n? — 12m + 15)u3] 
Aa(A2) = pa(Ae) — B[we(A2) |? = wa(ue) — 3[me(ue) |? 
Ha(u2) = Aa(A2) + 3[m2(ue) |? 
n(n — 1)[(m — 1)8(ug — 28peue — 56usus — 35p4 + 420 yams 
+ 560u3u2 — 630u3) + 24n(n — 1)%(ue — 15pau2 — 105 
+ 30u3) me + 32n(n — 1)(nm — 2)(us — lOpsue)us + 8n(4n? 
— 9n + 6)(ui — Guang + Ou) + 144m? (mn — 1) (ue — Bug) mp 
+ 96n?(n — 2)y5ue + 48n°y3] + 3n-%(n — 1)*[(m — 1)?u4 
— 2(n — 1)(m — 3)maug + (n — 3)?x3] 
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n—"(n — 1)[(m — 1)8 ug — 4(m — 1)°(% — 7) pome — 8(m — 1) (3n? 
— 6n + 7) usus + (3n* — 12n3 + 42n? — 60n + 35)u2 — 6(n4 
— 7n® + 49n? — 105n + 70)psus + 16(6n* — 27n? + 50n 
— 35)ujue + 3(n* — 9n*-+ 93n? — 255n + 210)yS] 
= Ai(s) = n-*(n — 1)(n — 2)ys 


= )e(As) 
= n(n — 1)(n — 2)[(m — 1)(m — 2) (ue — 15 pape — 10u§ + 30p3 
+ 9n(n — 2)(psme — Buz + u5) + 6n?y3] 
n~*(n — 1)(n — 2)[(m — 1)(n — 2) yg — 3(n — 2)(2n — 5) pape 
— (n — 2)(n — 10)u5 + 3(3n? — 12n + 20)y3.] (3) 


From the relation 4; = , + 33 and the distributive property of \; we 
get 

wy(ma) = AYA) + BA(AS) = AG(Aa) + Bf Ae(Ae) + [AL(A2) ]?}, 
since N(x?) = (1/n)Sx? = ro(x?) + [i (x) ]?. 
Therefore 


wi(ms) = n(n — 1)[(n? — 6m + 6)(ue — 3y3) — 6ryh] + 3{n-3 
(n — 1)[(m — 1)(u4 — 3y3) + 2ny5] + n—2(n — 1)243} 
= n-*(n — 1)[(n? — 3n + 3)m4 + 3(2n — 3) yi]. (4) 


For the remaining moments which we calculate it seems desirable to 
use the method of ‘“‘Student’”’ outlined above. We first find the second 
moment of ys about zero, viz., 


’ 1 4 4 3 6 2 P 3 . 2 
po(ms) = D> : Sxt — - Sx? Sx, + 73 Sx2(Sx)? — “ (Sx) 


Ba 8 16 
=> S (Sx#)? — a Sxt Sx? Sx, + a (Sx?)2(Sx1)? 
= 12 4 2 2 6 4 48 3 2 
+ - Sxi.Sxz (Sx)? — 3 Sxi(Sx)* — a Sx}. Sx7(Sx)* 
Oe a ae 9 
+ ne (Sx;)? (Sm)* + no Sxi(Sm)> — wat Sxi(Sx)* + a (Sx) 


The terms in the brackets are now expressed in terms of moments. For 
example, 


> (Sx)? = Y (Sx8 + 2Sxtxd) = nus + n(n — 1)y2. 


This process is fully explained in the first of the two papers of Church 
referred to above.* Most of the formulas needed can be found in Church’s 
papers or in tables of symmetric functions’ or can easily be developed 
from them. We finally find that 


po(us) = n(n — 1)[(n — 1)(n* — 6n? + 15n? — 18m + 9)pys + 4(10n4 
— 57n* + 132n? — 144n + 63)peue — 8(n5 — 7n4 + 33n3 
— 87n? + 117m — 63)ysus + (n® — 8n> + 44n4 — 150n? 
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+ 372n* — 540n + 315)? + 6(n — 2)(2n* — 27n? + 156n? 
— 360n + 315) mame + 8(n — 2)(2n* — 24n3? + 120n? — 315n 
+ 315) ujue + 27(n — 2)(m — 3)(4n? — 20n + 35)ys]. 


Shifting to the mean of us by using the formula 


w2(os) = py (ms) — [uy ( ma) ]?, 


in which the value of y{(ys) is found from (4), we obtain, after some 
reduction, 


Me(ps) = n~"(n — 1)[(n — 1)(n* — 6n® + 15n? — 18u +9) us + 4(10n4 
— 57n® + 132n? — 144n + 63) peue — 8(n> — 7n4* + 33n3 
— 87n*? + 117n — 63)ysu3 — (n® — 23n4 + 117n? — 345n? 
+ 531n — 315)u2 — 12(10n4 — 93m? + 324m? — 513n 
+ 315) usu? + 8(n — 2)(2n4 — 24n? + 120n? — 315n 
+ 315) u2u2 +18(4n* — 52n3 + 228n? — 438n + 315)y4]. 


Proceeding in the same way we find 
. 1 10 
wi(us) = Do Ee - > sit. Sx +5 ° sx (Sx)? — pa Sx? (Sx)8 
4 
+— 4 sa 
aang ne ee — 2)[(n? — Qn + 2)us + 10(n — 2) usue] 
' 15 ee 
wi(us) = > [L Sxt — — < Sat. Sx 5 ae me 3 9*1 (Sx)? ae Sx}(Sx)3 


+ : Sxi(Sx)4 — a8 ° sa 


n(n — 1)[(n* — 5n* + 10n? — 10n + 5)ue + 15(n® — 4n? 
+ 7 — 5) sme — 10(2n? — _ + 5)u3 + = — 2)(3n — 5)up.] 


1 7 
(m7) ps e Sx? — 2 Sx8 Sx, +5 = Sx¥(Sx)? -—= << 1(S%)3 


35 21 
+ a Sxi(Sm)* — a deus + at sa] 
n(n — 1)(n — 2)[(n* — 4n3 + 7n? — 6n + 3)y7 + 21(n3 
— 3n? + 4n — 3)usu2 — 35(n? — 3n + 3)paus + 105 
(n — 2) (m — 3)usu3] 


1 8 56 
2 F Sut — = Sx}. Su, += 7 Sea i —; Sa (Sx,)3 


70 7 
+ = Sxi(Sx)4 - S 8 s4(Sx,)8 - ; 8 s22(Sin)? coe (Sx) | 


n-"(n — 1)[(n® — 7n> + 21n4 — 35n? + 35n? — 21n + 7) ys 
+ 28(n5 — 6n* + 15n3 — 20n? + 16m — 7) peue — 56(n4 
— 5n* + 11n? — 18m + 7)usus + 35(2n? — 8n? + 12n — 7) ui 
+ 210(n — 2)(n® — 4n? + 8 — 7) aus + 105(n — 2)(n 
— 3)(4n — 7)u3 — 280(n — 2)(2n? — 7m + 7) usual. 
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We give without showing any of the labor of derivation, the following 
formula for the fourth moment of yu; for samples of » from a normal uni- 
verse (the third and all other odd moments are, of course, zero): 


pa(us) = 108u-*(n — 1)(n — 2) (n®? + 27n — 70) yh. 


Since for samples from a normal universe, 


H2(us) = 6n-*(n — 1)(n — 2)ms, 


as can be deduced from equation (3), we have for the second 8 of ps, 
240%. 7 ao 49 
n? + 27n = afi + 6(5n — 12) |. 
(n — 1)(m — 2) (n — 1)(n — 2) 


This approaches the value 3 as n—»o. Its values for several values of 
n are shown in the accompanying table. 








Bol us) =3 


n B2(us) n 


5 22.5 100 

12.5 250 
25 6.7 500 
50 4.8 1000 


To quote from Church,'° “It is difficult to estimate at present the real 
value of these high moment formulas in actual practice.”” Perhaps Karl 
Pearson"! is correct in his “firm conviction that the mathematician who 
uses high moments may make interesting contributions to mathematics, 
but he removes his work from any contact with practical statistics.’ 
However, they are submitted for whatever they may be worth. 


* STERLING RESEARCH FELLOW, YALE UNIVERSITY. 

1 A. A. Tchouproff, “On the Mathematical Expectation of the Moments of Frequency 
Distributions,’ Biometrika, 12 (1918), pp. 140-69, 185-210. 

2 See Jbid., 18 (1926), p. 344, footnote. 

3 A. E. R. Church, “On the Moments of the Distribution of Squared Standard-Devia- 
tions for Samples of N Drawn from an Indefinitely Large Population,’ Jbid., 17 
(1925), pp. 79-83. See also Church, “On the Means and Squared Standard-Devia- 
tions of Small Samples from Any Population,” Jbid., 18 (1926), pp. 321-94. 

4 Thid., 6 (1908-09), pp. 1-25. 

5 T. N. Thiele, Theory of Observations, London (1903), pp. 45-6. The formulas 
are also given, I understand, in his Forelesninger over Almindelig Iagttagelseslere, 
Copenhagen (1889), although I have not had access to a copy. 

6 We have changed Thiele’s notation somewhat, also that of Church. 

7 For a general formula see Charles Jordan, Statistique Mathématique, p. 41. 

8 Biometrika, 17 (1925), p. 81. 

® See, for example, A. Cayley, ‘““A Memoir on the Symmetric Functions of the Roots 
of an Equation,” Philosophical Transactions of the Roy. Soc. of London, 147 (1857), 
pp. 489-96 and 5 inserted sheets. 

10 Biometrika, 17 (1925), p. 83. 

11 Jbid., 16 (1924), p. 117. 
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METHODS OF RENDERING THE RUMEN AND RETICULUM OF 
RUMINANTS FREE FROM THEIR NORMAL INFUSORIAN 
FAUNA 


By ELery R. BECKER 


Iowa STATE COLLEGE, AMES, Iowa 


Communicated March 29, 1929 


The protozoan fauna which is peculiar to the rumen and reticulum 
of the ruminant stomach was first discovered by Gruby and Délafond 
(1843). The general failure to find uninfected animals has led to the 
belief of subsequent investigators that all normal ruminants which receive 
a diet containing chlorophyll and cellulose harbor Infusoria belonging to 
the families Isotrichidae, Buetschliidae, or Ophryoscolecidae and a num- 
ber of species of small flagellates and amoebae. Not every animal harbors 
all these groups, but representatives of the family Ophryoscolecidae, be- 
longing to the genera Entodinium and Diplodinium are usually present. 
One investigator, Liebetanz,' reported that out of 175 ruminants of 
various kinds which he examined at the slaughter-house there were three 
goats in which no Infusoria were present. The writer made repeated 
examinations of the stomach contents of an isolated experimental calf 
without finding any Infusoria. Flagellates of the genus Callimastix, 
however, were present. Some of the Infusoria of ruminants, particularly 
the Ophryoscolecidae, feed upon particles of hay and starch, as well as 
upon bacteria. This has led to a belief on the part of many workers that 
these Infusoria are in some way useful to their hosts. The flagellates are 
considered to be of no particular importance because they do not ingest 
hay and starch particles. 

The writer recently became interested in the problem of the physio- 
logical réle of these Infusoria in their host. The obvious method of de- 
termining the effect of the activities of the protozoa would be a com- 
parison of the digestion of food of known chemical composition in infected 
and “‘azoic’”’ animals. It was apparent that there are two possible means 
of obtaining azoic animals. One is to bring them up from birth so as to 
prevent infection; the other is to defaunate animals obtained from the 
farm where, it is safe to assume, they have become infected. The first 
method would not only be time-consuming, but by attempting it one 
would run the risk of having his animals becoming infected, since little is 
known about the transmission of these Infusoria from host to host. For 
these reasons it was decided to attempt to sterilize animals already in- 
fected as practically all ruminants become after they commence to con- 
sume grass and hay. It was learned from the literature available that 
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three investigators had previously worked on methods of defaunating 
ruminants, with varying results. 

Eberlein? reported that he had effected a conditional (bedingte) dis- 
infection of the stomach of one kid by the administration of 0.05 gr. of 
corrosive sublimate in 200 cc. water. He describes the ill effects pro- 
duced by the poison, and adds to his account the statement that the 
peculiar sensitivity of ruminants to sublimate is very disturbing. Whether 
he obtained complete and permanent freedom of the stomach from In- 
fusoria or not, the method cannot be recommended on account of its 
attendant dangers. The same author also found that when he took the 
kids off of a hay diet and placed them on a diet of milk only, he was unable 
to find any more ciliates in the rumen. Very soon after the feeding of 
hay was resumed the protozoa returned. 

Giinther*® administered to animals which had been starved for several 
days from ten to twelve paraffin-covered gelatin capsules holding two 
grams of either hydrochloric or citric acid during a two-day period. He 
then fed his animals cooked oil meal and boiled water followed by potatoes 
and carrots. The Infusoria will not develop in an animal on this diet 
anyway, so it-will never be known if he effected a complete removal of 
the protozoa. 

Liebetanz! tried the administration of hydrochloric and acetic acids by 
both capsule and the stomach tube methods with disastrous results to his 
goats. Then he conceived the idea of administering acetic acid solution 
through a cannula inserted directly through the body wall into the rumen. 
The goats had been starved for three days before the acid treatment. He 
apparently achieved a complete disinfection of young goats by this method 
but he admits that in older animals with a better developed rumen and 
reticulum the method presents great difficulties. 

The writer gave the direct method of Liebetanz a thorough trial with 
rather unsatisfactory results, which will be discussed in a later paper. In 
two cases, however, half-grown goats were successfully defaunated. No 
successes were attained with adult goats. These successes did not offset 
numerous failures to effect complete removal of the Infusoria and fatalities 
to four goats and a large calf. Thymol-chloroform, lactic acid, and 
corrosive sublimate solution given by the rumen cannula method proved 
unsatisfactory. 

The following method, which was developed only after considerable 
experimenting, proved successful in every attempt. Up to the present 
time it has been used by the writer on six different occasions, two times in 
each of two goats about 9 to 10 months old and in two adult goats. First, 
the goats are given absolutely no food for three days, but water is always 
kept before them. Then at the end of 72 hours the jaws are held apart 
by an improvised speculum made of a piece of pine wood (2 in. x 2 in.) 
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with a hole in the middle. A rubber horse catheter, well soaped, is passed 
through this hole and down the esophagus into the rumen. It is then 
necessary to put the free end of the tube up to the ear and listen for breath- 
ing in order to determine for sure that the other end of the tube is not in 
the trachea. Then 50 cc. of two per cent copper sulphate (I used the 
clear crystals of the commercial grade) mixed with about a pint distilled 
water is poured through a funnel into the tube leading to the rumen. 
Twenty-four hours later the same treatment is given, the animal having 
received no food meanwhile. About four hours later the animal is offered 
a small amount of alfalfa hay and some whole oats. He commences to 
eat greedily, but does not eat much. The next day he eats little if any. 
The copper sulphate seems to produce a loss of appetite. Henceforth 
the appetite improves daily, until by the end of the fifth day after the 
second administration of the poison it becomes almost normal. 

The animal suffers no permanent ill effects, and in a few days is as well 
and lively as ever. One can check up on the presence or absence of In- 
fusoria by microscopic examinations of rumen samples pumped from the 
stomach through the horse catheter mentioned above. If the protozoa 
do not return by the end of two weeks the animal will remain free of them 
unless a reinfection takes place. 

A large number of preliminary trial experiments resulted in failure to 
disinfect the rumen of protozoa. These were usually for one of two 
reasons: either the starvation period was too short, or the dosage of 
copper sulphate was too light. It is better to give a little more than the 
above stated amount than to give less. Even a two-day starvation period 
before the first treatment has been shown to be insufficient, and feeding 
the animal hay or grain before the second treatment will cause failure. 

Experiments with varying amounts of copper sulphate ground to a 
powder in a mortar and mixed thoroughly in the grain ration will reduce 
the numbers of protozoa but will not completely free the rumen of them. 
Presumably the effect of the copper sulphate is lost by the formation of 
copper proteinates. 

If the disinfected animals are kept away from other animals and given 
ordinary unsterilized alfalfa hay and a grain mixture, the Infusoria will 
not return. I have one goat which has been free of Infusoria for about 
six months. In some way the flagellates Callimastix and Trichomonas 
find their way into the rumen again within two or three weeks, even when 
the animal gets sterilized feed. To keep them entirely out would seem 
to be a practical impossibility. It is not of much importance for my 
purposes to do so, for it is the Infusoria which feed upon the hay and 
grain elements within their host. The bacteria of the rumen soon return 
again, although it is not certain that the nature of the flora may not be 
at least temporarily changed. 
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The above-described method of freeing goats from protozoa will be 
tested out on sheep and cattle, where it should also be effective. In the 
goat it has the three primary requisites of any good method; viz., safety, 
certainty and simplicity. 

The writer wishes to make due acknowledgement to grants from the 
Bache Fund of the NATIONAL ACADEMY OF SCIENCE and from the A. A. A.S., 
which have made possible a research program on the physiological réle of 
Infusoria in the stomach of ruminants. He wishes also to thank Dr. 
M. A. Emmerson for aiding him in working out the technique for inserting 
both the trocar and stomach tube into the rumen. 


1 Liebetanz, E., Arc. of Prot., 19, 1910 (19-80). 
2 Eberlein, R., Zeit. f. Wiss. Zoél., 59, 1895 (233-304). 
3 Giinther, A., Zeit. f. Wiss. Zoél., 65, 1899 (529-572). 


MONATOMIC IODINE AND MOLECULAR HY DROGEN* 
By WILDER D. BANCROFT AND Davip S. Morton 


DEPARTMENT OF CHEMISTRY, CORNELL UNIVERSITY 


Communicated April 18, 1929 


In 188% Amato! showed that a mixture of hydrogen and chlorine in 
glass at —12° could be exposed to the direct rays of the sun for hours 
without any appreciable reaction taking place, although the two gases 
will combine explosively if exposed to bright sunlight at ordinary tem- 
peratures. 

About fourteen years later this suggested to Kastle and Beatty” the 
possibility that sunlight would cause hydrogen and bromine to react if the 
experiment were tried at a higher temperature. A number of qualitative 
measurements were made at 196°, the bulbs, containing an excess of 
hydrogen, being placed in the vapor of boiling orthotoluidine. In the 
dark the reaction is exceedingly slow, and practically negligible in a three- 
hour run. In the sunlight the reaction takes fairly rapidly. In the first 
series the bromine was practically all gone at the end of an hour, as judged 
by the eye. In the second series the bromine had reacted practically 
completely in ninety-five minutes. In the third series an estimated fifty 
per cent of the bromine reacted in the first fifteen minutes and practically 
all the rest in the next thirty minutes. In other words the bromine is 
converted practically completely into hydrobromic acid in from forty-five 
to ninety-five minutes. 

The differences in the time for practically complete disappearance of 
bromine were due to differences in the intensity of the light. The bulbs 
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in the third series were the only ones exposed the whole time to strong 
sunlight. During the first two series the sky was frequently overcast by 
thin, white clouds, which, of course, decreased the intensity of the light. 

Kastle and Beatty say that there is some evidence that light causes 
hydrogen and bromine to react slowly even at 100°, and they promise a 
more extended and more quantitative study of this reaction. They also 
say that the influence of light on the combination of hydrogen and iodine 
at high temperatures will also be studied. So far as we can learn, this 
promised work has never been published. 

There was every reason to believe that iodine would act like bromine 
and chlorine at still higher temperatures and experiments were therefore 
made by Mr. Morton to determine the effect of light on mixtures of 
hydrogen and iodine in glass containers at different temperatures. While 
there is a slight reaction in the dark at temperatures above 100°, perhaps 
due to the catalytic action of the walls, the amount of hydriodic acid formed 
in an eight-hour run in the dark is very small at temperatures up to 300°. 
Between 300° and 350° there is an enormous increase of reaction velocity. 
Using a 100-ampere arc we did not find any appreciable photochemical 
effect at any temperature. It made no difference whether we used all the 
light from the arc or whether the light was passed through a copper sul- 
phate filter so as to remove the longer wave-lengths of the visible spectrum. 
This result was entirely unexpected. Iodine vapor absorbs light so strongly 
that we had anticipated a very large photochemical effect at a sufficiently 
high temperature. 

To make the matter more interesting, we get an entirely different 
result if we use quartz vessels. Ultra-violet light makes hydrogen react 
with chlorine, bromine or iodine at ordinary temperatures. The fashion- 
able thing would probably be to attribute this difference to the difference 
in the short-wave quantum; but this hypothetical explanation does not 
seem adequate. The real explanation seems to be that light in the visible 
spectrum does not activate hydrogen appreciably at any of the tempera- 
tures under consideration, while ultra-violet light does. For the present, 
it is generally believed that photochemically activated hydrogen and 
catalytically activated hydrogen are monatomic hydrogen, and we know 
that monatomic hydrogen reacts with chlorine, bromine or iodine at 
ordinary temperature. 

If we assume, as seems justified, that a photochemically activated 
halogen is a monatomic halogen, we must conclude that monatomic 
chlorine reacts with molecular hydrogen at room temperature, that mon- 
atomic bromine reacts with molecular hydrogen at 196° and perhaps at 
100°, and that monatomic iodine does not react with molecular hydrogen 
even at 350°. This is not without precedent, for monatomic hydrogen 
does not react with molecular nitrogen. On this basis we must assume 
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that the reaction between hydrogen and iodine in the dark at 350° is 
really a reaction of thermally produced monatomic hydrogen with molecu- 
lar [or monatomic] iodine. The rate of reaction of monatomic hydrogen 
with monatomic iodine must be practically the same as with molecular 
iodine because, otherwise, there would be a photochemical increase in the 
rate of reaction, which seems not to be the case. 

These statements refer only to these monatomic elements at what 
might be called normal concentrations. At higher concentrations the 
behavior may be quite different. ‘Thus Vincent’ has shown that monatomic 
hydrogen will not reduce a potassium bichromate solution at the concen- 
tration which one gets at a platinum cathode, whereas monatomic hydrogen 
does reduce a potassium bichromate solution at the much higher concen- 
tration which one gets at a mercury cathode. 

The general results of this paper are as follows: 

1. Ultra-violet light activates hydrogen, while light of the visible 
spectrum does not do so appreciably. 

2. We are justified for the present in calling photochemically activated 
or catalytically activated hydrogen, chlorine, bromine, or iodine, mon- 
atomic hydrogen, monatomic chlorine, monatomic bromine, or monatomic 
iodine, respectively. 

3. Ultra-violet light causes hydrogen to react with chlorine, bromine 
or iodine at ordinary temperatures, and it is known that monatomic 
hydrogen reacts at ordinary temperatures with chlorine, bromine or iodine. 
It does not react with molecular nitrogen and ultra-violet light does not 
cause the formation of ammonia at ordinary temperatures. 

4. Suitable light in the visible spectrum causes hydrogen and chlorine 
to react at room temperature, and hydrogen and bromine certainly at 
196° and possibly at 100°. Light in the visible spectrum does not cause 
hydrogen and iodine to react even at 350°, a temperature at which the 
dark reaction proceeds quite rapidly. The dark reaction is undoubtedly 
due to thermally produced monatomic hydrogen. ; 

5. Monatomic chlorine reacts with molecular hydrogen at ordinary 
temperatures; monatomic bromine reacts with molecular hydrogen at 
196° and probably at much lower temperatures, though not appreciably 
at ordinary temperatures. Monatomic iodine does not react with molecu- 
lar hydrogen to an appreciable extent even at 350°. While this was un- 
expected, it is not unique; for monatomic hydrogen does not react with 
molecular nitrogen under ordinary conditions. 

6. Since the concentration of monatomic hydrogen which one gets at 
a platinum cathode is not sufficient to cause reduction of a potassium 
bichromate solution, whereas this reduction occurs with the concentration 
that one gets at a mercury cathode, the preceding generalizations apply 
only to what might be considered as approximately equilibrium concen- 
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trations of the monatomic elements and not necessarily to the concentra- 
tions corresponding to extreme over-voltage conditions. 

* This work is part of the programme now being carried out at Cornell University 
under a grant from the Heckscher Foundation for the Advancement of Research es- 
tablished by August Heckscher at Cornell University. 

1 Amato, Gazz. chim. ital., 14, 57 (1884). 

2 Kastle and Beatty, Am. Chem. J., 20, 159 (1898). 

3 Vincent, J. Phys. Chem., 29, 875 (1925). 


THE DENSITY, COMPRESSIBILITY AND ATOMIC WEIGHT OF 
ARGON. II. 


By GreEGorY PAUL BAXTER AND HOWARD WARNER STARKWEATHER 
T. JEFFERSON COOLIDGE, JR., MEMORIAL LABORATORY, HARVARD UNIVERSITY 


Communicated March 29, 1929 


In a recent experimental determination of the normal and limiting 
densities of argon the values 1.78364 and 1.78204 (g = 980.616) were 
found.' In a continuation of this work incidental to a different investi- 
gation we discovered the argon used in the above experiments to contain 
a trace (0.02 per cent) of hydrogen. The new value for the normal density 
is 1.78394. The limiting density is, however, very little affected so that 
the atomic weight of argon found from both sets of experiments is the 
same, 39.944. 

The newer set of experiments was carried out essentially in the same 
manner and with the same apparatus as the older. The chief difference 
lies in the use of three-liter globes of the best fused, transparent quartz 
in place of two-liter Pyrex globes. Counterpoises of the same size and 
material were provided for the weighing. The volumes of these globes 
were determined by filling them with water at 0° and weighing the water 
at room temperature. These determinations were concordant within 
0.01 ml. if proper allowance was made for the atmospheric density at the 
time of weighing. ; 

The compressibilities of these globes were found by connecting them to 
graduated tubes and subjecting them, when completely filled with water, 
to varying pressures. Correction was made for the compressibility of the 
water content. The contraction was found to be exactly proportional to 
the pressure over a range of more than one atmosphere and to be in ac- 
cordance with formula 


vol. in ml. 


i iter’ here = 0.0127 
contraction per liter per atmosphere = 0.0 xX wt ine. 
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The constant in this equation is somewhat lower than with glass. These 
globes had hemispherical ends and short cylindrical middle sections. 

The compressibilities of the globes were used to correct the weights of 
the exhausted globes for the difference in displacement when filled with 
gas at different pressures, and also to determine the interior volumes of 
the globes at the pressures at which they were filled. 

Two new barometers were constructed, both covering the complete 
pressure range investigated. These were of 3 cm. internal diameter and 
were less sensitive to vibrations than the 4 cm. barometers used before, 
while the uncertainties of capillary depression were still of negligible 
magnitude. 

All the other corrections and precautions were as described in the earlier 
papers on argon! and neon.” ‘The speed and convenience of the purifica- 
tion of argon by fractionation from a chilled adsorbent led us to rely upon 
this method almost exclusively for the removal of the chief impurity, 
nitrogen. After passing over hot copper oxide, aqueous and solid potas- 
sium hydroxide, phosphorus pentoxide and hot nickel, the gas was ad- 
sorbed on dehydrated chabazite chilled with liquid air. About one-thirtieth 
of the gas was pumped off and rejected, four-fifths were removed by 
warming the chabazite with solid carbon dioxide, and the remainder was 
rejected by outgassing the chabazite at 500° in a vacuum. The last 
portions only of the middle fraction showed a trace of nitrogen when 
examined spectroscopically, while the first fraction seemed to be free from 
helium and neon. The process was then repeated six times. The light 
fraction rejected in each case represented about one two-hundredth of 
the whole, the heavy about one-fiftieth. Nitrogen could not be detected 
in the middle fraction in any adsorption except the very first. 

After six fractional adsorptions the density of the gas was determined 
with the new globes and found to be about 0.02 per cent higher than the 
value obtained in the earlier research (Series I). Several repetitions of 
the experiments, in some of which one of the older 2-liter globes was used, 
with gas which was subjected to additional fractional adsorption, merely 
served to confirm the result of Series I (Series 2 to 8). 

At this point some of the older argon remaining from the earlier investi- 
gation was transferred to the apparatus and the density determined. 
These experiments yielded the lower value (Series 9 and 10). Since 
hydrogen introduced during the treatment of the older gas with hot calcium 
seemed to be the most likely impurity, the specimen of old gas was many 
times circulated over hot copper oxide, phosphorus pentoxide and hot 
nickel. The density was raised by this treatment to that found with the 
newer specimen of gas (Series 11 and 12) and repetition of the treatment 
failed to produce any perceptible effect (Series 13 and 14). The new 
sample of gas was then twice circulated over the copper oxide. All sub- 














0° 
NUMBER OF 
1 6 
2 6 
3 7 
4 7 
5 8 
6 8 
rf 9 
8 9 
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16 10 
17 11 
18 11 
19 12 
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35 20 
37 21 
Average 
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sequent density determinations with this gas showed no noticeable devia- 
tion from the earlier results except Series 15. The cause of the deviation 


THE DENSITY OF ARGON 


GLOBE IV 
SERIES ADSORPTIONS 2110.95 ML. 


1.78391 
1.78392 
1.78402 
1.78396 


1.78384 


1.78393 


2110.83 Mv. 


1. 18882 
1.18887 
1. 18884 


2110.71 ML. 


0.59432 
0.59412 
0.59419 


0.59421 


P = 760 mm. 
GLOBE VIII 
3265.23 ML. 


. 78395 
. 78399 
. 78406 
. 78397 
. 78389 
. 78387 
. 78404 
. 78394 
. 78367) 
. 78364) 
. 78397 
. 78390 
. 78389 
. 78393 
. 78350) 
. 78395 
. 78378 
. 78387 
. 78390 
. 78400 
. 78389 
. 7840) 
. 78394 


P = 506.667 mm. 
3265.07 ML. 


. 18889 
. 18889 
. 18872 
. 18886 
. 18880 
. 18892 
. 18895 
. 18874 
. 18894 
. 18896 
. 18887 


P = 253.333 mM. 
3264.91 ML. 


0.59431 
0.59426 
0.59426 
0.59428 
0.59422 
0.59420 
0.59426 


_ 
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g = 980.616 
GLOBE Ix 
3210.26 ML. AVERAGE 
1.78381 1.78388 
1.78401 1.78400 
1.78411 1.78408 
1.78402 1.78399 
1.78390 
1.78389 
1.78403 
1.78395 
1.78397 
1.78390 
1.78389 
1.78393 
(1.78374) 
1.78401 1.78398 
1.78382 1.78380 
1.78391 1.78389 
1.78392 1.78391 
1.78396 1.78398 
1.78387 
1.78393 1.78397 
1.78395 1.78394 
3210.11 ML. 
1.18884 1.18887 
1. 18892 1.18891 
1.18868 1.18870 
1.18884 1.18885 
1.18877 1.18878 
1.18880 1. 18886 
1.18890 1.18893 
1.18870 1.18872 
1.18888 
1.18892 
1.18881 1.18884 
3209.95 ML. 
0.59429 0.59430 
0.59426 
0.59427 0.59427 
0.59430 
0.59417 
0.59419 
0.59428 0.59425 
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of this series from all others with the same gas is not apparent and probably 
is accidental, for when the pressure-temperatures adjustment was repeated 
with the same gas in the globes, a normal value results (Series 16). 

From the average densities at one, two-thirds and one-third atmosphere 
the coefficient of deviation from Boyle’s Law may be found by computing 


PV 
the corresponding values of vty and finding, by the method of least squares, 
the best straight line to represent variation of this function with the pres- 
ih od 
sure. The equation which results if the values of D are weighted in- 


versely as their probable errors is 


A 


P\ 
[= 0.0560556 (1 + 0.001068 (1 — P)). 


The values for the density at different pressures calculated from this 
equation are compared below with the observed values. 


78394 


Normal Density calc. i: 

obs. le 
Density at ?/; atm. calc. iP 

obs. te 
Density at '/; atm. calc. 0. 
0. 
i 


obs. 
Limiting Density 


If the gram molecular volume is taken as 22.4146! liters (g. = 980.616) 
the atomic weight of argon is 39.944. 


PV). 
The value of aoe resulting from the above equation is 1.00107. This 
i). 


is considerably higher than that found in the earlier research, 1.00090. 
It is, however, in close accord with that found by Mr. Ellestad, working 
with the senior author, in an apparatus for measuring isothermally (0°) 
pressure and volume at different pressures. The average value from 
these measurements is 1.00104. Presumably the gradual removal or 
accumulation of hydrogen in the argon of the earlier experiments is re- 
sponsible for the discrepancy in the values of the above relation. Beattie 
and Bridgman* from an equation of state find the value 1.00095. 

We are very greatly indebted to the Milton Fund for Research in 
Harvard University, to the Bache and Wolcott Gibbs Funds of the 
NATIONAL ACADEMY OF SCIENCES, and to the Cyrus M. Warren Fund of 
the American Academy of Arts and Sciences, for generous assistance with- 
out which the work would not have been possible. 

1 Baxter and Starkweather, these PROCEEDINGS, 14, 57 (1928). 


2 Baxter and Starkweather, Jbid., 14, 54 (1928). 
3 Beattie and Bridgman, J. Amer. Chem. Soc., 50, 3154 (1928). 
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PHOTOCHEMICAL TEMPERATURE COEFFICIENTS* 
By WILDER D. BANCROFT AND RAYMOND P. ALLEN 
DEPARTMENT OF CHEMISTRY, CORNELL UNIVERSITY 


Communicated March 20, 1929 


It is customary to say that the temperature coefficient! of photochemical 
reactions is relatively small, and to let it go at that. Plotnikow? lists 
twenty-two photochemical reactions for which the temperature coefficient, 
r = (k, + 10)/k, has a maximum value of 1.08. He further lists nine- 
teen reactions in which the ratio 7 varies from 1.17 to 1.50. Plotnikow 
believes that all photo-reactions can be classified in three groups, having 
temperature coefficients, respectively, 1.03 + 0.03, 1.27 = 0.03 and 1.40 
+ 0.03. There seems to be little evidence for this classification and reac- 
tions are known whose temperature coefficient lies well outside this range, 
though Plotnikow is inclined to doubt the accuracy of several of these. 
It was Goldberg* who in 1903 first called attention to this low coefficient. 

A moment’s consideration will show that this cannot be the whole truth 
and that this is another case of the misleading experiment. Over a 
hundred years ago Grotthuss‘ introduced the conception of chemical 
depolarizers. Light cannot reduce an aqueous solution of ferric chloride 
to ferrous chloride and chlorine, because chlorine and ferrous chloride 
cannot co-exist in aqueous solution. If we take ferric chloride in 
alcoholic solution, the chlorine can react with the alcohol and actually 
light will reduce an alcoholic solution of ferric chloride to ferrous chloride. 
Grotthuss made the molecule less stable chemically and consequently it 
was easier for light to decompose it. The same principle has been applied 
in other cases. With oxalic acid as a depolarizer, Benrath’® obtained 
tellurium, selenium and sulphur photochemically from solutions of 
telluric, selenic and sulphurous acids, respectively. Fehling’s solution 
precipitates cuprous oxide when it is exposed to ultra-violet light of about 
400-450 my; but the light corresponding to the absorption band in the 
red does not ordinarily cause any photochemical change. By adding a 
suitable amount of hydroquinone to Fehling’s solution, Leighton*® obtained 
a solution which did not decompose in the dark and which was reduced by 
red light. Bennett’ had previously shown that it is possible to add to an 
aqueous copper sulphate solution a solution of white phosphorus in ether 
of such strength that there was no reduction in any reasonable time in the 
dark, whereas there was a reduction in the light to copper which then reacted 
with the excess of phosphorus to form copper phosphide. Since a copper 
sulphate solution is a typical case of a deeply colored one which is ordinarily 
absolutely stable to light, this experiment is satisfactory proof that light 
of any wave-length which is-absorbed tends to eliminate that substance. 
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A natural corollary from the work of Grotthuss is that we shall make 
a substance more photosensitive if we make it more instable in any way. 
Since all substances, which are formed with evolution of heat, decompose 
when heated sufficiently, it follows that we can make any such substance 
photosensitive by heating it to a suitable temperature. The temperature 
coefficient will therefore increase rapidly as we approach the temperature 
of thermal decomposition. 

The question of a high-temperature ozonizer was solved by making it 
out of two concentric tubes long enough to extend well out of the heating 
zone. It was then a simple matter to close the cool ends of the outer 
tube, through which the gases or vapors passed, in any desired way. 
This ozonizer could be heated either electrically or in a gas-fired com- 
bustion furnace to any temperature that was desired. To excite the tube 
we used a Tesla, high-frequency, oscillatory discharge with an estimated 
voltage of 250,000 volts. 

Acetaldehyde decomposes thermally at about 400° into methane and 
carbon monoxide. Under the influence of the oscillatory discharge we 
apparently get two reactions occurring simultaneously: 


CH;CHO —> CH, + CO 
2CH;CHO —> C2He. + 2CO + He. 


In table 1 are given the number of cubic centimeters of gas obtained 

under constant power input per minute. The temperature coefficient 

per ten degrees rise is assumed to be constant between each two points. 
TABLE 1 


RATE OF DECOMPOSITION OF ACETALDEHYDE 
TEMP. cc. COEFF. TEMP. co. COEFF. 


80° 156 320° 194 1.01 
210° 168 1.003 340° 236 1.10 


and 


The particular apparatus that we were using did not permit going much 
above 340°; but it is evident that the temperature coefficient is increasing 
rapidly, as it should from the Grotthuss point of view. One wonders 
whether the three groups postulated by Plotnikow may not be three points 
on the same general curve. 

A natural question is what happens at lower temperatures. Does the 
temperature coefficient per ten degrees drop to unity, the reaction velocity 
becoming independent of the temperature, or does it pass through a mini- 
mum? 

Amato reports that an equimolecular mixture of hydrogen and chlorine 
can be exposed to the sun’s rays for many hours at —12° without any 
reaction occurring, while the same bulbs explode if exposed to sunlight 
at ordinary temperatures. If this statement is true—and there seems no 
reason to doubt it—the rate of reaction must rise rapidly in the twenty- 
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five degrees from —12° to +13°, and the temperature coefficient 
must drop to the 1.0-1.04 value which is the temperature coefficient as 
usually given. 

It appears probable, therefore, that the curve, obtained by plotting 
reaction velocity as ordinates against temperatures as abscissas, consists 
theoretically of three parts, a rapidly rising branch at low temperature, 
a nearly horizontal branch corresponding to a small temperature coefficient, 
and an ascending branch at higher temperatures. The relative lengths 
of these three branches will vary from substance to substance. ‘The low- 
temperature branch will be practically vertical for hydrogen and chlorine 
at about --12°, and the nearly horizontal branch will be much shorter 
than with alcohol or acetaldehyde. 

On the other hand, Dewar* reported at the Royal Institution in 1899 
that at a temperature of —180° the sensitiveness of certain photographic 
films were reduced to about one-fifth of what they were at ordinary tem- 
perature. If the temperature coefficient were uniform between — 180° 
and +20°, this indicates a temperature coefficient of about 1.08. This 
means that the low-temperature branch is to be found below —180° if 
at all. Dewar considers that these photographic emulsions become com- 
pletely insensitive only at the absolute zero. He found that changing 
from liquid air temperatures to liquid hydrogen temperatures decreases 
the sensitiveness to one-half. The experiments are not accurate enough 
to warrant the conclusion that the temperature coefficient was increasing 
slightly over this range. 

The behavior of hydrogen-chlorine mixtures at —12° seems to have a 
bearing on the Einstein law of the quantum equivalence in photochemistry. 
The apparent quantum yield for hydrogen-chlorine mixtures may run as 
high as one million molecules under ordinary conditions. If Amato’s 
experiments are right, the actual quantum yield is zero at — 12° or there- 
abouts. Even if there were a very great change with the temperature in 
the transparency of a hydrogen-chlorine mixture—and this does not 
seem probable—this is a most remarkable change in apparent yield over 
a narrow temperature range. It is to be hoped that somebody will check 
Amato and will then make a careful quantitative study of the phenomenon. 

The general results of this paper are as follows: 

1. The Grotthuss theory of chemical depolarizers is applicable also to 
thermal depolarization. . 

2. A simple high-temperature ozonizer has been devised. By substi- 
tuting porcelain tubes for glass tubes, any reasonable temperature can be 
reached. 

3. The curve obtained by plotting photochemical reaction velocity 
against temperature seems to consist theoretically of three parts: a rapidly 
ascending part at low temperatures, a nearly horizontal part over quite a 
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range, and a rapidly ascending part as one approaches the region of thermal 
instability. 

4. If Amato is right in saying that a hydrogen-chlorine mixture is not 
photosensitive at — 12°, the apparent quantum yield for hydrogen-chlorine 
mixtures drops from around one million molecules at ordinary temperatures 
to zeroeat — 12°. 

* This work is preliminary to the programme now being carried on at Cornell Uni- 
versity under a grant from the Heckscher Fund for the Advancement of Research 
established by August Heckscher at Cornell University. 
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There are some organisms and groups of organisms which are peculiarly 
significant. The iron bacteria, for example, when adequately studied, 
may give much light upon problems of nutrition. In the field of mor- 
phology, Coeloplana and Ctenoplana, Peripatus, Amphioxus are examples 
of pivotal forms. Among the protozoa the Opalinidae are especially 
illuminating. May I claim your attention for a few minutes while I 
endeavor to point out some of their features which deserve special em- 
phasis, and in this rapid review I shall emphasize points which should 
receive further study. 

The Ciliate Infusoria are in some regards unique among living things. 
They show the most aberrant nuclear conditions known. ‘They possess 
typically two*nuclei, one of which is occupied with metabolism: it presides 
over the activities of the organism during the vegetative phases of its 
life cycle, and it is absorbed into the cytoplasm when the animal is occu- 
pied with sexual reproduction. The other nucleus has little direct share 
in the metabolic activities of the cell but is its genetic organ, containing 
the genes functional in inheritance. ‘The metabolic nucleus divides directly, 
never by mitosis. The genetic nucleus divides always by mitosis. No 
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such conditions are found in any other living things. The question of the 
origin, the evolution, of this condition of affairs is one of the most inter- 
esting problems for the protozodlogist. 

The Opalinidae show a condition of the nuclei intermediate between 
that of the lower protozoa (the Plasmodroma) on the one hand, and that 
of the true Ciliata, on the other hand, and they suggest how the unique 
nuclear conditions of the Euciliata arose. The more archaic subfamily 
of the Opalinidae, archaic as shown by their structure, their development 
and their host distribution, have two nuclei, but these two nuclei are 
alike during the whole life cycle. Each nucleus has chromatin of two 
sorts; one sort granular, arranged in slender chromosomes like strings of 
beads, resembling the chromosomes of Paramecium, though much fewer 
in number and coarser. ‘These are the genetic chromosomes. ‘To what 
extent they share in the metabolic activities of the cell is undetermined. 
The other sort of chromatin is arranged in broad, ribbon-like bands, 
probably equal in number to the genetic chromosomes and, like them, 
showing visible individuality. The nuclei divide always mitotically, but 
the ‘‘macrochromosomes”’ do not split longitudinally; they divide trans- 
versely and their component granules, arranged irregularly throughout 
the wide ribbon-like mass, are not each halved in connection with the 
mitosis. Before fertilization the macrochromatin is extruded into the 
cytoplasm and is absorbed. ‘The macrochromatin seems, thus, to be wholly 
metabolic in function and to have no share in the transmission of the genes. 

In the Euciliata the two nuclei are divergently differentiated, so that one 
nucleus is wholly genetic, the other wholly metabolic. In the Prociliata 
(Wenyon’s classification, following Metcalf) the two nuclei are alike, but 
each contains transient metabolic chromatin and permanent genetic 
chromatin. The archaic Opalinids are only pseudo-binucleate. Before 
fertilization they become uninucleate gametes, except for an occasional 
female which is fertilized before its last pre-gametic division is completed. 
The Prociliates cannot, therefore, adopt the Euciliate character of one 
metabolic nucleus and one gametic nucleus, since the binucleated condi- 
tion is but a transient, though prolonged, phase in the life history. 

The method of fission is important in this comparison between Euciliates 
and Prociliates. An archaic Opalinid does not complete the division of 
its two nuclei at the time when the body divides, and the fission plane, 
whether longitudinal or transverse, passes between the two nuclei, each 
daughter-cell receiving one whole nucleus, and not two half-nuclei as in the 
Euciliates (Fig.). In the Euciliates the fission plane, always transverse, 
passes across the two nuclei, one of which is in mitosis, the other not, and 
the daughter-cells each receive two half-nuclei. A glance at the diagram 
shows how the fission of the pseudobinucleate Opalinid might become 
transformed into the fission of the truly binucleate Euciliate. 
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The chromatin phenomena in the Opalinids need further study. Nere- 
sheimer did not distinguish the two sorts of chromatin; Leger and Duboscq 
distinguished them but did not follow the presexual and sexual phe- 
nomena; Metcalf, in his earlier work, confused the genetic chromatin 
granules with the achromatic granules and has not been able since to work 
through again the sexual phase of the life cycle. The work has now been 
taken up again upon material collected in South America. A little good 
material from Europe, also, is now available in this country and, by the 
way, will gladly be shared with any one wishing to work upon it. 

This winter, at the meetings 
of the American Society of 
Zodlogists, Kofoid reported im- 
portant observations upon the 
neuro-muscular complex in a 
multinucleated Opalina. It is 
greatly to be desired that the 
study be extended to some 
binucleated forms, for in these 
the nuclei are much larger and 
the cytoplasm not crowded and 
confused by many nuclei. 
Kofoid urged that the Opalini- 
dae should be classed with the 
Flagellata rather than the 
Ciliata, basing this judgment 
chiefly upon the structure of the 

EUCILIATE neuro-muscular complex, in- 

PROTOCILIATE cluding the nucleus. With this 
conclusion I cannot agree, although I would discount but little of his 
description of the neuro-muscular structures. 

The Opalinidae seem intermediate in structure and behavior between 
the Flagellata and the Euciliata. They have both the longitudinal 
fission of the Flagellates and the transverse fission of the Euciliates; 
their chromatin structure and behavior, as already noted, are also inter- 
mediate; the complete absence of centrosome in the Opalinids carries 
further than in the Euciliates their reduction of emphasis upon this kinetic 
center; the sexual reproduction of the Opalinids, through male and female 
gametes which completely fuse, is different from both Plasmodrome 
protozoa and Euciliates. Calkins’ description of disparity in size between 
the conjugating micronuclei in Paramecium is reminiscent of the disparate 
gametic individuals in Opalinids. The multiplication of cilia in Opalinids 
is like that in Euciliates, but is paralleled in some Flagellates, e.g., the 
Trichonymphs. The multiplication of nuclei in one subfamily of Opalinids 
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is paralleled in a few Flagellates and a few Euciliates. The Opalinid 
excretory system is closely similar to that of Schubotz’ genus Pycnothrix, 
an undoubted Euciliate, and shows resemblance to conditions in some 
other enlongated Euciliates, such as Stentor or Hoplitophrya. ‘The severai 
sorts of protoplasmic inclusions of the Opalinids cannot profitably be com- 
pared with those in Flagellates and Euciliates, for we know almost nothing 
of the nature of these bodies in the latter two groups, though they are 
numerous and of varied character. The interpretation of the protoplasmic 
inclusions in Opalinidae is very uncertain. A thoroughgoing, comparative 
study of these structures in the protozoa is greatly needed, and in such 
study the plastid-like bodies and the more diffuse inclusions of the Opal- 
inidae should have close attention. 

But it is really of very little interest with which major group of protozoa 
the Opalinidae are classified. What is important is the demonstration of 
their structure and behavior, of their intermediate character in these 
respects, and the realization of the fact that they tell us most as to the 
origin of the Euciliates, the most aberrant of all living things in their 
nuclear phenomena. 

I wish to mention but one more point, and this but briefly. The Anuran 
hosts of the Opalinidae have an antipathy for salt water and cannot endure 
contact with it. They are definitely land and fresh-water forms. Their 
spread in both recent and ancient times has been only by landroutes. The 
geographical distribution of the Anura, studied in the light of their parasites, 
is indicative of many things of interest. Let us mention just a few, merely 
as examples of the value of data from parasites in some broader problems. 

The Leptodactylid frogs of tropical America are close relatives of those 
in Australasia, as shown by the fact that both harbor a peculiar Opalinid 
parasite, Zelleriella, and the Australasian Zelleriellas are so closely like 
those of South America that they cannot be distinguished specifically from 
present descriptions. Leptodactylids have never been in Europe or Asia 
as indicated by the absence of Zelleriella from that continent. The Lepto- 
dactylidae, therefore, spread from tropical America to Australasia by some 
southern route, probably by way of Antarctica. 

The tree-frogs (Hylidae) are chiefly tropical American forms, though 
they are well represented in North America and in Australasia. Only one 
species, with half a dozen subspecies, is known from Euro-Asia. These 
Euro-Asian tree-frogs carry a distinctively North American Opalina, thus 
showing them to be emigrants from North America. Other evidence from 
Opalina shows, by the way, that this migration occurred since the Middle 
Pliocene. ‘The Eurasian tree-frogs resemble species in North America and 
not species in Australasia. The tree-frogs, therefore, reénforce the evi- 
dence of the Leptodactylids that there was at one time a southern con- 
nection between South America and Australia. 
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Similar studies of host-parasite data, first by von Ihering, later by Kel- 
logg, Harrison, Metcalf and a few other workers, have given conclusive 
evidence as to certain paleogeographic conditions and have furnished 
abundant evidence toward other conclusions in this field. The method of 
concomitant study of hosts and parasites, which from its discoverer I have 
recently called the von Ihering method, has not only helped to paleocarto- 
graphic conclusions, but has had bearing as well upon questions of ancient 
climates. For example, the Sonoran Desert has been a bar to northward 
spreading of the Leptodactylids, at least since Middle Pliocene times. 
Similarly, we have from the same sources indication of mild, moist climate 
in Antarctica in earlier Tertiary times, probably not changing to extreme 
cold before the Middle Miocene. 

Host-parasite studies, together with paleogeographic data, help to date 
the periods of the origin and of the migrations of both host groups and 
parasite groups. They also serve to indicate the times of certain evolu- 
tionary changes in the character of certain hosts. For example, the 
abandonment of a larval stage in the life history of the New Zealand bell- 
toad, Liopelma, occurred apparently later than the time of the migration 
of Liopelma across Australia, for characteristic bell-toad Protoopalinas 
are found today in Australia. The ancestors of Liopelma apparently must 
have remained in Australia until they met there and infected tree-frogs 
which had emigrated at a later period from tropical America. 

Parasites may give valuable evidence as to genetic relationships between 
host groups. For example, the American bell-toad Ascaphus has parasites 
closely similar to those of the European and East Asiatic bell-toads though 
Ascaphus has been isolated in America since the Cretaceous. 

The von Ihering method of attacking paleogeographical and other 
broad problems through concomitant study of hosts and parasites should 
be used far more extensively and intensively, and this is especially true 
with plants and their parasites. They have been wholly neglected from 
this point of view. 

In this necessarily brief paper, I have not so much attempted to review 
my own work upon the Opalinidae as was suggested, as I have to show 
that the family is a very significant one and that it deserves much further 
study. The binucleated genera, Protodpalina and Zelleriella, are by far 
the best for investigations of most structural features. Material of these 
genera is scarce in the eastern United States, but, thanks to the codperation 
of the vivarium of the University of Pennsylvania, progress is being made 
in the attempt to introduce into this country the European fire-toad 
(Bombina bombina, commonly called: Bombinator igneus) with its two 
beautiful species of Protodpalina, intestinalis and caudata. It is hoped 
that by another year material of these forms will be available for research. 








